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Polymer organic semiconductors (OSCs) are an emerging technology poised to revolutionalise 
several aspects of consumer and business electronics, such as in opto(electronic) devices. 
They have gathered momentum primarily due to the significant advances in the science and 
technology of these materias over the last two decades, their solution-processability which 
allows for low-energy and low-wastage materials deposition on large and flexible substrates, 
and their perceived environmental friendliness (e.g., no mercury or cadmium is used).  This 
opens up new commercial markets and also new manufacturing platforms for the electronics 
industry. These materials can be deposited into thin films using spin-casting (sc) which has 
been the workhorse method over the last two decades, drop-casting (dc) and, increasingly 
inkjet (ijp) printing which allows large area devices to be manufactured by droplet-on-demand 
placement of the materials at the desired location.  Among polymer OSC, regioregular poly(3-
hexylthiophene) (rrP3HT) is one of the most important model that has been widely studied, 
such as the dependence of film morphology and orientation of the polymer domains on 
processing conditions.  Nevertheless, these studies have not addressed the possible variation 
of morphology (such as order, orientation and packing) between the top and bottom interfaces 
across the film thickness direction.  Yet the properties of the polymer chains at the interfaces 
are the most important to understand field-effect transport and charge injection in these 
materials.  Also there has been very little systematic work to understand the differences in the 
morphology of ijp films compared to sc and dc films, and how these correlate with device 
characteristics, such as the field-effect mobility.  
 
In this thesis, several aspects of both these issues are addressed, by first developing an optical 
model to extract from variable-angle spectroscopic ellipsometry (VASE) differences in the 
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dielectric (n,k) spectra between the top and bottom interfaces of the same film; and then using 
this together with complementary techniques, such as cross-section scanning electron 
microscopy (SEM), atomic-force microscopy (AFM), near-edge X-ray absorption fine structure 
spectroscopy (NEXAFS), and field-effect transistor (FET) characterisation, to systematically 
study the differences and similarities between the top and bottom interfaces of rrP3HT films 
prepared by sc, dc and ijp.  The results reveal (i) a marked difference in the degree of 
interchain order between the top and bottom interfaces in sc films, which may explain the 
differences in mobility sometimes found between these two interfaces, and (ii) unique features 
of ijp films – unusually high crystallinity and low anisotropy – which was labelled here the “ijp 
morphology” which explains why ijp films exhibit much lower charge carrier field-effect mobility 
(µFET)  than sc and dc films. 
 
In chapter 1, an overview of polymer organic semiconductors and film deposition methods, with 
emphasis on inkjet printing is given.  
 
In chapter 2, a novel VASE methodology comprising a self-consistent optical model with 
imposed Kramers-Krönig consistency to extract the top and bottom (n,k) spectra of polymer 
thin films from the global fitting of top and bottom reflection VASE (∆,Ψ) spectra is developed. 
The reliability of this methodology was verified using two model amorphous thin films: 
transparent polystyrene and an absorbing phenyl-substituted poly(p-phenylenevinylene). It is 
then used on a variety of rrP3HT thin films deposited by sc, dc and ijp, to derive conclusions 
relating to relative crystallinity and the variation in interchain order across the film thickness.  
The top interface shows a red-shifted absorption that is characteristic of better order than the 
bottom.  This disparity diminishes in dc and multi-pass ijp films, and disappears in amorphous 
films such as of polystyrene and of the phenyl-substituted poly(p-phenylenevinylene).  These 
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(n,k) spectra also reveal that crystallinity increases across sc < dc < ijp films, which is 
supported by cross-section scanning electron microscopy of the cleaved edges, and 
measurement of the microroughness of the bottom interfaces.  Overall the data provides 
experimental confirmation of the widely-held view that sc semicrystalline OSC films are 
produced far from equilibrium, but surprisingly that ijp films can be much more crystalline that 
previously expected. 
 
In chapter 3, a comparative NEXAFS study of the dichroism of the C1s→π* transition of the 
frontier polymer chains, and of the spectrum, for both the top and bottom interfaces of rrP3HT 
thin films deposited by sc, dc and ijp is presented.  The dichroic ratio indicates that sc films 
have the highest fraction of edge-on packing (≈ 90%) at both the top and bottom interfaces.  
Both dc and ijp films have lower edge-on fraction, but is still high (≈ 80%).  The C1s→π* 
bandshape confirms the existence of interchain packing polymorphs.  The results show that the 
relative populations of these appear to be highly variable, depending on the film deposition 
method.  
 
In chapter 4, a comparative study of the hole-carrier µFET of sc, ijp and dc films based on 
SiO2/Si bottom-gated diagnostic field-effect transistor (FET) devices is described.  The ijp films 
exhibit a mobility of only one-tenth of the value of the sc films.  In order to determine whether 
this is influenced by the multi-passed ijp used, new circular source-drain electrode arrays on 
which single 10-pL inkjet droplets can be deposited and studied were designed and fabricated.  
The results confirm that the lower µFET is also found in single-droplet ijp films.  The pronounced 
crystallinity (and order) observed in multi-pass ijp films is also found in the single-droplet ijp 
films.  Therefore the ijp morphology appears to be general.  In this chapter, we also developed 
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order-of-magnitude calculations and experiments that ruled out (i) formation of a skin-layer 
during solution drying, (ii) pre-ordering by shear in the nozzle head, and (iii) in-flight 
evaporation losses.  Therefore the ijp morphology is attributed the non-uniform drying of the 
fine ijp droplets that promotes crystallization and growth, further enhanced by the swelling–
deswelling cycles characteristic of multi-pass printing.  As a result of the extensive 
crystallization, the usual domain boundary effect appears to provide at least a qualitative 
explanation for the lost of mobility.  Finally post-annealing in a good solvent vapour is 
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Chapter 1 Introduction 
1.1 Introduction to organic semiconductors 
The first electronics evolution started with the invention of the transistor in the middle of the last 
century with inorganic semiconductor such as Si or Ge. Now in the beginning of 21st century, a 
new electronics revolution is taking place due to the emergence of a new class of materials 
commonly known as organic semiconductor. The Nobel Prize in Chemistry in the year 2000 
that is awarded for “the discovery and development of conducting polymer” is a significant 
milestone in the research and development work that has been taking place since the 1970s.  
Ever since the 1970s, the field has gathered momentum with the synthesis of numerous 
organic semiconductor materials and at the same time gathering deeper scientific 
understanding and knowledge on this new class of materials. All these work have driven 
numerous technological progresses such as the demonstration of organic light emitting 
diodes,1,2 successful fabrication of organic thin film transistors3,4 and demonstration of organic 
photovoltaic.5 These results have grown the expectation to use organic semiconductor as an 
active material in niche applications for potentially low-cost devices such as miniature display 
on tickets, posters, large area solar panels and flexible e-reader that are not accessible by 
inorganic materials. 
 
The common feature of organic semiconductor is the alternation of single and double carbon-
carbon bond known as conjugation. Double bonds form when the carbon atoms bond through 
sp2 hybrid orbitals, which then produce three covalent sigma bonds within the plane and out-of-
plane pz orbital (Figure 1.1). The overlap of pz orbitals between adjacent carbon atoms then 
form π orbital that are delocalized over the molecule or along the segments of the polymer 
chain. The filled π orbital form the valence states while the empty π* orbital form the 
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conduction states. Increasing the number of alternating single and double bonds will lead to the 
formation of energy bands. The band gap for organic semiconductor can be described as the 
energy gap between the highest occupied molecular orbital (HOMO), which is referred as the 
valence band, and the lowest unoccupied molecular orbital (LUMO), which is referred as the 
conduction band. The energy gap (Eg) decreases with an increase in the conjugation length 
which also corresponds to an increase in the number of energy levels. The energy gap 
determines the electronic and electrical properties of the conducting polymers. Hence, control 
of the HOMO-LUMO gap and specifically the design of low band gap polymers have gained 
importance in recent years. The band gap is small (1.5− 3 eV, in the visible range), akin to that 
of a semiconductor. The possibility of transport of charges (holes and electrons) due to the π -
orbital overlap of neighbouring molecules allows the conjugated polymers to emit light, conduct 
current and act as semiconductors.6 In addition, the functional properties of the organic 







Figure 1.1: The overlap of pz orbitals between adjacent carbon atoms form π orbital that are delocalized 






Organic semiconductors can be divided broadly into two main groups: (i) conjugated polymers 
or polymer organic semiconductor, (ii) short polymer chains or oligomers also referred to as 
“small molecules”. An important difference between the small molecules and polymers lies in 
how their thin films are processed. Small molecules are usually deposited from the gas phase 
by sublimation or evaporation, conjugated polymers on the other hand is soluble in a wide 
range of solvents. Hence they can be processed from solution e.g. by spin-casting, spraying 
and other roll-to-roll methods to coat and deposit for patterning onto a wide variety of large 
area substrates such as glass and flexible plastic sheets.7 Among these techniques, high 
speed roll-to-roll deposition methods such as inkjet, gravure, offset, xerographic and 
flexographic are well-established platforms in graphic industry which can be translated to 
deposit organic semiconductor to form dielectric, semiconductor and metal layers for niche 
electronic devices in printed electronics. One example of niche applications will be putting 
radio-frequency identification (RFID) tags on low-cost perishable food products where putting 
expensive Si-based memory chip will not make economic sense.  
 
Currently in the commercial market, there are many mobile phones that are based on organic 
light-emitting display (OLED) (e.g. 4-inch Samsung Galaxy and 3.1-inch Nokia N8). However 
these displays are based on evaporated small molecules that have limitation in coating large 
area substrates.8 On the contrary, solution-processible conjugated polymers should find no 
limitation in making large area devices as it will enable coating of large panel substrates for 
outdoor light-emitting displays and organic photovoltaic panels. Such applications are not 
possible with inorganic semiconductors due to size and cost constrain in manufacturing large 
area devices. Hence, these features in organic semiconductor have helped to capture the 
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attention and imagination from the electronic industry. However there is much research and 
development work to be done for this vision to come to fruition.  
     
Unlike the inorganic counterparts, which are mainly crystalline and hence form a valence and 
conduction band that extends throughout the material, organic semiconductors are disordered 
materials with large grain boundaries between the polymer chains domains. In polythiophenes, 
for example, regioregular poly(3-hexylthiophene) (rrP3HT), the adjacent polymer chains π 
stack to give short interchain distances (3.8Å) and give long distance between the lamellae 
which is separated by the alkyl-chains (17Å)(see Figure 1.2).9,10 In the limiting orientation, these 
π−stacks in turn can be in out-of-plane or in-plane. Thus charge transport proceeds by hopping 
between lamellae stacks with localised states rather than transport within a band. Hence 
charge carrier mobilities in organic semiconductors are generally low compared to inorganic 
semiconductors. Charge carriers mobility in π and π* states have moderately high mobilities. 
Single crystals of naphthalene and pentacene at room temperatures have mobilities of 40 
cm2V-1s-1.11 As temperature decreases, mobilities increase rapidly to 300 cm2V-1s-1 at 
temperature of 10K. However charge carriers in amorphous semiconductors such conjugated 
molecules in polymer is lower. This is associated to the randomness in the molecular positions, 
packing and the orientations leading to strong localisation of carriers on individual molecules 
and polymer chain. Depending on the degree of order, the charge carrier transport can be 
either band transport or hopping. Band transport can occur in molecular crystals but mobilities 
are low due to the weak electronic delocalization.  Hence charge transport has been often 





















Figure 1.2: Diagram illustrating the short and long axis polymer chains. Field-effect mobility is 
enhanced when polymer chains are oriented edge-on as compared to plane-on. This is due to higher 
regioregularity through the improved π orbital-stacking between polymer chains. 
 
 
1.2 Importance of film morphology on charge transport  
The morphology of semicrystalline polymer organic semiconductor (OSC) thin films is governed 
by how their stiff π-conjugated chains pack, and the size and orientation of the resultant 
ordered domains. This is widely expected to dominate their (opto)electronic properties.  
Therefore knowledge of the interplay between processing, interchain order and device 
performance is not only fundamental but also for manufacturing. 
 
There are several examples that demonstrate the interplay between morphology and charge 
carrier transport in organic semiconductors. In polymers of five-membered heterocycles, such 
as regioregular polythiophenes and their copolymers, the basic chain-packing motif is the π-
stacked lamellae.12-19 This motif is significant particularly in field-effect transistors (FETs) 
because Friend and co-workers reported that charge-transport mobility differs by a factor of 
100 depending on the direction of the charge transport whether the π-stacked lamellae are 
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parallel or normal to the substrate. It is also clear that short axis transports across the π stacks 
are more efficient as compared with long axis across the disordered alkyl side chains (Figure 
1.2).14  
 
There is strong dependence of polymer film morphology on polymer material (polymer 
molecular weight) and film processing conditions (solvent, temperature, deposition conditions, 
etc), and hence on charge transport in FETs. In particular, rrP3HT has attracted immense 
attention because it is the model polymer with high field-effect mobility (µFET) (highest reported 
0.1 cm2V-1s-1) and much effort has been devoted to study the dependence of µFET on film 
morphological influences14,15,20-24 with mixed results.  Regioregular P3HT is also found to form 
nanorods at low molecular weight (Mw< 5kD) and amorphous nodules at high molecular weight 
(Mw> 30kD). These nanorods were reported to give a lower mobility than amorphous nodules 
presumably due to increased grain boundaries with these nanorods. It is well-known that 
charge carrier mobility depends strongly on the properties of the OSC/ dielectric interface, such 
as interface traps,25,26 dielectric constant,27 interface microroughness28 and the mosaic 
interface morphology.29 Chang and co-workers reported enhanced crystallinity in rrP3HT films 
using high boiling point solvents such as trichlorobenzene.20  
 
Although other new conjugated polymer such as the poly(bithiophene-alt-thienothiophene) 
(PBTTT) has overtaken P3HT in charge carrier mobility research (Figure 1.3),24 the “ever 
green” rrP3HT material has gathered another wave of interest as an important blend system 



















1.3 Inkjet printing of organic semiconductor 
Inkjet printing is a mature deposition method used in graphics printing industries. Attention is 
now focused on this technique in Printed Electronics to deposit organic semiconductor 
solutions to form patterns (dots, lines) and films. Inkjet printing has numerous features, which 
makes it an attractive deposition tool for organic semiconductor. Numerous groups have 
demonstrated the use of inkjet printer to deposit conductive links onto Si and glass substrate 
using a single nozzle with sub-50 micron resolution32-35. The inkjet printer can deposit precisely 
on demand by a voltage waveform at any location on the substrate with minimum material 
wastage. 
 
Figure 1.3: Chemical structure of (Bottom): regioregular poly(3-hexylthiophene) (rrP3HT) and (Top) 
poly(bithiophene-alt-thienothiophene)  (PBTTT). These represent some of the most widely studied 




These characteristics differ from spin-casting (sc), in which an excess solution is first deposited 
on the substrate and rotationally accelerated at high speed (typically at >1500rpm). This 
acceleration ejects most of the solution (~90% of solution volume) outwards by centrifugal force 
to form a uniform film. As the spinning continues at constant rate, the film thins with solvent 
evaporation. During this phase, the radial velocity across the film thickness profile is given as U 
~ h02/V0 where U is the radial velocity, h0 is the initial film thickness and V0 is initial velocity 
(Figure 1.5). Eventually as concentration of film increases, solution viscosity becomes too large 
to permit any radial solution motion. The film thickness is then fixed (Figure 1.4).36-40 In drop-
casting (dc) and the related doctor-blade coating technique, a large-area solution layer is also 
deposited simultaneously and dried under near quiescent conditions to form a film.41,42 Film 




0 → 2000 rpm
2.





of solution deposited 
on surface 
Acceleration: Substrate is 
accelerated up to its final, desired, 
rotation speed (typically >1500rpm)
Solvent evaporation 
dominates the film thinning 
behaviour
Deceleration: Film 
thickness is fixed. 
 
Figure 1.4: Stages in spin-casting: (1) Substantial excess of solution deposited on surface. (2) 
Acceleration phase: Substrate is accelerated up to its final, desired, rotation speed (typically >1500rpm). 
Centrifugal force drives excess solutions radially outwards. (3) Substrate is spinning at a constant rate 
with a small radial flow of solution to the parameters. Solvent evaporation dominates the film thinning 
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behavior. Eventually as more solvent is removed, concentration of solution increases giving rise to high 
viscosity, which then prevents any solution movement. (4) Deceleration phase: Film thickness is fixed.  
 
 




In inkjet printing, unlike spin-casting where more than 90% of solution is wasted, each single 
droplet in the volume of 1 – 100pL (depending on nozzle size and voltage applied) is deposited 
with precision onto any desired location on the substrate. Apart from using inkjet printing as an 
additive tool, it can only be used as subtraction tool to site-selectively etch a film. Droplets of 
ethanol can be printed onto a film of poly(vinyl phenol) to create via holes by dissolving the 
poly(vinyl phenol) polymer film.43 Inkjet printing opens unbounded opportunities as it has been 
demonstrated as a tool to deposit the initial sacrificial patterning mask layer, source-drain 
electrodes and active layer.44 Figure 1.6 and 1.7 present some examples of organic 
semiconductor and conducting polymer that are inkjet printed to form patterns on the surfaces.  
 
Unlike other roll-to-roll methods such as gravure or offset printing, inkjet printing is non-contact 
and hence there will be no damage to the substrate surfaces since the print head moves above 
10 
 
the substrate at a pre-defined height during the printing process. Most significantly inkjet 
printing allows flexible plastic sheets to be used as substrate for potential electronic devices. 
Silver nanoparticle has been printed on unpatterned polymeric substrates to understand the 
best surface energy for narrow conducting lines.45-48  
 
In principle, inkjet printing is completely scalable for large substrate sizes, as there is no 
limitation on the number of nozzles that can be designed on a print head to cover any substrate 
sizes. Lastly, the printing patterns can be input via computer on the fly; hence designs can be 
flexible and catered to different deposition layers immediately.49 This negates the need to 
produce any patterning mask, hence cutting down the turn-around-time and tooling cost. As 
compared to other roll-to-roll methods, low-cost research-scale printers are readily accessible 
for detailed development work. Studying film formation and dewetting using the inkjet printer 
serves as a model to help understand other forms of roll-to-roll printing such as gravure, which 
are not as readily accessible as a research grade scale tool.  
 






Figure 1.7: Source-drain channel from inkjet printed PEDOT:PSSH on native oxide Si substrate. The 
channel length is 9µm. 
 
1.3.1 Drop formation in inkjet printing  
There are three common methods of producing drops from an orifice: dripping, continuous 
jetting and drop-on-demand (DOD) jetting. Dripping and continuous jetting has been 
investigated for approximately one century. In dripping, the ink droplet exits a capillary tube 
under the force of gravity at low flow rate (~seconds for each droplet). Due to the slow droplet 
production rate, it is mainly used in surface tension meters and contact angle analysis. By 
increasing the flow rate through the capillary tube, continuous jetting occurs. In continuous 
inkjet printing, a stream of ink is passed through a small orifice and the stream will then be 
broken up into droplets by Rayleigh instability, which can be controlled by imposing a cyclic 
mechanical disturbance. By imposing an electrostatic field, these drops can then be steered to 
land at the desired location of the substrate. Since droplets are continuously generated, those 
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droplets that are not required to land on the desired location will then be collected and re-
circulated for the next print.  
 
As opposed to continuous inkjet printing, in DOD inkjet printing, introduced in 1960s, the drops 
are formed only when required. The motion of the print head moves above the required 
substrate location to control the landing location of the droplets. There are two variations of 
DOD print head: piezoceramic and thermal.  In a piezoceramic printer, a voltage waveform 
pattern is passed to the piezoceramic (e.g. lead zirconium titanate (PZT)), which causes the 
expansion and contraction of the piezoceramic material to eject an ink droplet. In contrast, for a 
thermal printer, a heater plate will heat up till 300°C to expand an air bubble which then ejects 
the ink droplet.50 The thermal method is not widely used in inkjet printing of organic 
semiconductor materials as the high temperature heating can cause degradation of the organic 
semiconductor materials and rapid evaporation of the ink solvents.  
 
The droplet generation in a piezoceramic based print head can be divided into several stages. 
A typical voltage waveform sent to the piezoceramic plate is shown in figure 1.8. Firstly, the 
starting voltage is above zero to slightly warp the piezoceramic membrane. This is to ensure 
that the fluid chamber to be slightly compressed. At phase 1, the piezoceramic returns to its 
neutral or relaxed position in Phase 1 when the voltage drops. This caused the chamber to 
expand to draw fluid in from the cartridge reservoir. In phase 2, as the voltage is increased, the 
warping of the piezoceramic causes the droplet to be ejected out. The plateau at phase 2 
denotes how long the piezoceramic stays in that position. Phase 3 and 4 are the recovery 
phases where the chamber is decompressed back in partial steps to prevent rapid back pull of 
the liquid meniscus at the nozzle. At the same time, this will allow more fluid to enter the 
chamber from the cartridge. As the bending of the piezoceramic magnitude is determined by 
13 
 
the voltage applied, the velocity of the drop can be influenced by it. The rate of piezoceramic 
bending is dependent on the slew rate, which is defined as the change in voltage over the rise-
time as given by the gradient of the slope. In an ideal scenario, piezoelectric printers have good 
control over volume and velocity of the droplets by properly optimizing the voltage driving 
waveform. However consistent jetting of droplets at a constant velocity over long duration is 
also dependent on the physical properties of the ink to be printed. This will be further explained 























Figure 1.8: Different stages in producing a single droplet in a piezoceramic drop-on-demand inkjet 
printer. (Top): Waveform applied to the piezoceramic membrane. (Bottom): Cross-section of the printer 




1.3.2 Fluid dynamics in drop-on-demand inkjet printing 
Given the same mechanical response of the PZT element with respect to the voltage waveform 
applied, not all solutions can be effectively printed. There is a limitation to the jettability of the 
ink as it is also dependent on its physical properties. For example, ink with too large viscosity 
(> 20cP for Dimatix printer) cannot be jetted from the nozzle due to viscous dissipation of the 
energy supplied by the piezoceramic element. This is associated with the maximum voltage 
that can be applied to the piezoceramic membrane without breaking it. Therefore the ink jetting 
parameters for any ink (voltage, slew rate, time period, etc) is optimized only for a specific 
printer due to differences in the print head architecture. However fluid dynamics of droplets 
generation behavior are still similar which allows possible quantification.   
 
Droplet generation from a DOD printer has been initially studied by Fromm51 who used the ratio 
of Reynolds number, Re and Weber number We to quantify the critical physical constants of 
the inks (viscosity, density and surface tension) required to produce a droplet from the print 
head. This is later represented in current literature as the inverse of the Ohnesorge number, 
Oh or “Z” number: 
 






From the equation, a is the nozzle orifice diameter, ρ is density, γ is surface tension and η is 
viscosity of ink. If this ratio is too small, the viscosity is large and hence a large pressure pulse 
exerted by a larger applied voltage to the piezoceramic membrane will be required to eject a 
droplet. On the other hand, a large ratio meant the ejection of large liquid column will be prone 
to satellite drop formation. Hence, successful droplet formation at the nozzle is a complex 
multi-dimensional hydrohynamic process that is dependent on the interplay between the fluid 
physical rheology (density, surface tension and viscosity), print head geometry (chamber 
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design, piezoceramic type) and the (applied voltage, jetting frequency). A combination of these 
multitude factors can have drastic effects on whether long-lived stable and repeatable droplets 
can be ejected. The range of Z where stable single inkjet droplet can be produced has been in 
contention and altered throughout the years of improved research and development of print 
head: Z>2 (Fromm, 198451), 1<Z<10 (Reis and Derby, 200052), 4<Z<14 (Jang, 200953), but 
nonetheless this parameter gives a guide to the ideal physical qualities for printable inks 
development. 
 
Figure 1.9 shows a series of optical images of rrP3HT taken with an in-built high-speed strobe 
camera in our Dimatix materials printer. The leading droplet head emerges from the nozzle 
meniscus within 6-µs upon application of voltage waveform to produce a compressive pressure 
that overcomes the fluid surface tension at the nozzle. As the droplet head emerges, it drags a 
tail (liquid column) that will ultimately be pinch-off from the nozzle meniscus between 16−24-µs 
later. This pinch-off is driven by the surface tension of the fluids to produce capillary pressure 
on the tail section with the largest variation of the free surface curvature. After pinch-off, the 
droplet tail (liquid column) that is attached to the leading head either retract to form a single 
droplet between 29−41-µs. Once the single droplet is formed, their behavior can be simply 
described by equation of motion of a free particle as affected by air resistance from Stokes law 




0 µs 5 µs 12 µs 16 µs 24 µs
26 µs
29 µs 34 µs 41 µs 55 µs 79 µs
100µm
Droplet ejection velocity ~ 6 m/s  
Figure 1.9: Sequence of images illustrating an example of our successful rrP3HT single droplet 
formation occurring in less than 80µs. At time t =5µs, pressure pulse pushed the ink out of the nozzle 
orifice. A round head filament is formed and stretches the ink liquid column. At the same time, the tail of 
the filament at the nozzle is continuously necking (12−16 µs). Eventually, the tail ruptures from the 
nozzle in a process known as “pinch-off” (24 µs) and later the short liquid column retracts to form a 
single droplet (29 − 41µs).  The single droplet then falls due to gravitational forces countered by air 
resistance as described by Stokes’s law. 
 
 
Figure 1.10 shows an example of inappropriate jetting conditions that produce numerous 
satellite droplets by the application of larger voltage amplitude. The process of droplet 
formation is similar to the previous example except that there is an ejection of a long liquid 
column from the nozzle. This long liquid column breaks up due to Rayleigh instability to form 
multiple liquid threads. These threads then retract to form numerous droplets, which are known 
as satellite droplets. For printing of single conducting lines and interconnects on a substrate, 
these satellite drops are detrimental.  Hence, it is crucial to understand conditions for which 





Hence, apart from ink rheology determined by the Z number, the driving voltage amplitude also 
has the most direct influence on whether satellites will be produced. High driving voltage tends 
to produce satellite droplets. However, too low driving voltages might not exert sufficient 
compressive pressure to overcome the surface tension of the ink at the nozzle to eject the 
liquid column. Determining the appropriate ink jetting conditions is a multi-dimensional problem. 
When the ink rheology has changed, i.e. the Z number is different; an appropriate range of 

















Figure 1.10: Sequence of images taken with the Dimatix printer’s strobe camera illustrating satellite 
droplets formation as a result of large liquid column ejection. (A) Ejection and stretching from nozzle 
orifice to form a liquid thread (B) Pinch-off of liquid thread from nozzle orifice, contraction of liquid 
thread. (C) Breakup of liquid thread into primary and secondary liquid threads. (D) Contraction of 







1.3.3 Challenges of inkjet printing in printed electronics 
However, as ijp technology is still a new technique in Printed Electronics, it is still not without its 
problems. Firstly, there is a need to obtain stable and long duration jetting for the solution 
concerned. Once such condition is met, the second stage is the interaction of the droplet with 
the surface since the printing are mostly done on impervious substrates. On the surface, some 
of the issues encountered include coffee stain effect in single droplet; visible print lanes and 
de-wetting of droplets. The lower performance of inkjet printed devices is another issue that 
has to be understood and solved. The paragraphs below describe these issues in greater 
details.   
 
Jetting of ink 
In order to achieve accurate, stable and long duration jetting without satellite droplets that is 
reliable for electronics industries, it is crucial to understand and develop ink formulations 
guidelines that will be suitable for wide variety of organic semiconductor materials that are 
dissolved in water and organic solvents.  
 
Coffee stain effect 
When a single droplet hands on the surface, the drying of the droplet will produce a ring-like 
pattern known as coffee stain effect. As explained by Deegan, this is a result of higher 
evaporation rate at the edges of the droplet than the centre causing a flow gradient to occur 
which drives solution to flow from the centre to the edges (Figure 1.11). As a result, more 
materials are found at the edges than at the side as the droplet dries producing a ring-like 
effect when viewed from the top.54,55 By adding a small amount of low volatility and low surface 
tension solvent to the droplet, a surface tension gradient will be created to induced a 
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Marangoni flow that can counteract the coffee stain effect.56 However, Marangoni flow can also 
be used to enhance the capillary flow if low boiling point and high surface tension is added57. 
Using silica spheres dispersed in a variety of single solvent such as water and mixed solvent 
system, water/diethylene glycol and water/formamide, it was found that upon drying, the 
dispersion of the silica spheres formed a variety of patterns from ring-like to homogeneous dot-
like57 depending on the component of the high boiling point, low surface tension solvent. Coffee 
stain effect can also be controlled by cooling the platen temperature below room temperature 
(<25°C) to  retart edge evaporation.58  





Figure 1.11: Schematic of formation of coffee stain effect. (Top): Right after a droplet is deposited on a 
surface. (Bottom): After evaporation, there is thicker rim at the edges due to higher evaporation rate the 
edges. 
 
Dewetting of inkjet printed lines and films 
Although the inkjet printing is a mature technique in graphics printing, the migration to be 
utilized as deposition tool for printed electronics not without its challenge. In graphics printing, 
the printed surfaces (paper, cloth) have either absorbance properties or are most likely been 
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coated with absorbance layer (e.g. TiO).59 In contrast, printing on impervious and non-
absorbing surfaces in printed electronics such as Si, glass and plastic are more challenging as 
it requires the self-pinning of the inkjet deposited droplet on the surface. Because the droplets 
are not absorbed onto the surfaces, the liquid without sufficient pinning can flow under surface 
tension, capillarity, and Marangoni effects (Figure 1.12, right).   
 
The footprint of the droplet is also determined by the contact angle interaction of the surface 
and solvent. Inkjet printed one-dimension printed lines can be “unstable” and form ridge and 
bulges, or break up completely into a chain of droplets.60,61 When printing a large areas film 
such as squares or rectangles, the deposited film can completely dewet and migrate from the 
surface (Figure 1.12). This challenge has been surmounted in polymer light-emitting display 
using inkjet printing by developing pre-patterning polyimide wells on indium-tin oxide with 
appropriate wetting and dewetting properties at the sidewall and bottom.62 The red, green and 
blue light emitting solution will then be inkjet printed into the well to form the respective 
subpixels. Using this method, large area full colour OLED display up to 40-inch has been 
achieved. This idea has also been applied to pre-pattern the polyimide coated substrate by 
etching to guide the droplets for FET device, in order to create “self” aligned narrow channels 
(<5 µm, limited by printer error and droplet size).63   In contrast for free-form printing where the 
surface is not pre-pattern, for example printing electrical contact lines and film, this method 
may not be practical. Even when the film is pinned on the substrate, if the time taken for a pass 
(one lane) is slower than the time it takes for one lane pass to dry up, print lanes will be visible 




Figure 1.12: Multiple pass inkjet printed polystryrene film shows various issues such as visible print 
lanes (left) and dewetting (right).  
 
In recent years, there have been many literature reports on demonstrating inkjet printing as a 
tool to deposit either the active layer in devices64-67 or as conducting lines32,35,68 in FET devices.  
However there has been little progress in understanding the fundamental problems in inkjet 
printing relevant to printed electronics such as those mentioned above.  
 
1.4 Motivation of Thesis: Morphological and Molecular in Inkjet Printing 
vs Spin-casting vs Drop-casting  
 
Among polymer OSC, regioregular poly(3-hexylthiophene) (rrP3HT) is one of the most 
important model that has been widely studied, such as the dependence of film morphology and 
orientation of the polymer domains on processing conditions.  Nevertheless, these studies 
have not addressed the possible variation of morphology (such as order, orientation and 
packing) between the top and bottom interfaces across the film thickness direction.  Yet the 
properties of the polymer chains at the interfaces are the most important to understand field-
effect transport and charge injection in these materials.  Also there has been very little 
systematic work to understand the differences in the morphology of ijp films compared to sc 
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and dc films, and how these correlate with device characteristics, such as the field-effect 
mobility. Therefore the objective of this thesis is to conduct a detailed scientific study to 
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Chapter 2 Probing polythiophene films top and bottom (n,k) using dual 
interface variable angle spectroscopic ellipsometry (VASE) methodology  
 
2.1 Summary 
The dependence of morphology and orientation of regioregular poly(3-hexylthiophene) 
(rrP3HT) thin films on processing conditions have been widely studied.  However their possible 
variation across the film thickness direction remains largely unknown, even more so at the 
respective interfaces where opto(electronics) charge transport mobility is vital.  
 
A dual interface reflection variable-angle spectroscopic ellipsometry (VASE) together with a 
novel, self-consistent graded optical model with self-imposed Kramers-Krönig consistency was 
used to obtain the representative optical dielectric spectra (N = n – ik, where n is refractive 
index, k is extinction coefficient, (n,k)) at the air and substrate interfaces of the rrP3HT film. 
These films have been deposited by various deposition methods such as spin-cast, drop-cast 
and inkjet-printing.  
 
The optical dielectric (n,k) spectra between the top and bottom interfaces of spin-cast (sc) 
rrP3HT films deposited from chlorobenzene solutions show a red-shifted absorption that is 
characteristic of better order than the bottom.  This disparity diminishes in drop-cast (dc) and 
multi-pass inkjet-printed (ijp) films, and disappears in amorphous films such as polystyrene and 
green-emitting phenyl-substituted poly(p-phenylenevinylene).  The (n,k) spectra also reveal 
that crystallinity increases across sc < dc < ijp films. This has been supported by cross-section 
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scanning electron microscopy of the cleaved edges, and measurement of the microroughness 
of the bottom interfaces which will be discussed in the subsequent chapter. 
 
2.1.1 Introduction to Fresnel amplitude reflection coefficients 
When light is impinging on a medium at incident angle θi with optical properties (n,k) given as 
complex dielectric refractive index N = n - ik, (n is refractive index and k is extinction coefficient 
of the medium). Light will be reflected, transmitted (refracted) at the interface with the angles θr 
and θt. In addition, the oscillatory direction of the electric field can also be classified as p- and 
s-polarization light wave. Considering only the p-polarization for simplicity, the electric field (E) 
and magnetic field (B) are illustrated in Figure 2.1. The magnetic field is perpendicular to the 











Figure 2.1: Diagram illustrating the direction of light as it passes from air to a material with higher 
refractive index (Ni <Nt) in the p-polarized plane. Magnetic field (B) is drawn out of the page. From this 
single interface, togerther with the relation, Ni (Eip+Erp) = NtEtp, the Fresnel equation for amplitude 




Assuming the boundary condition that the E and B components parallel to an interface are 
continuous. The E and B vector components can be angle resolved and thus the following 
equations are derived: 
  ttprrpiip EEE θθθ coscoscos =−      
  tprpip BBB =+      
where the subscripts ip, rp and tp denote the incidence, reflection and transmission of p-
polarised light. Using E = sB (where s= c/N and c is speed of light), to eliminate B, the 
magnetic field equations can be re-written into:  
 
Ni(Eip + Erp ) = Nt Etp  
Defining Rp = Erp/ Eip as the Frensel amplitude reflection coefficient, using θi = θr  and 
















==  (For p-polarization) 







Ni cosθi + Ni cosθt
 (For p-polarization) 






















Ni cosθi + Ni cosθt
  (For s-polarization) 
The above equations are collectively known as Fresnel equations. Notice that the above 
expressions contain complex numbers when replaced with the intrinsic definition of complex 




2.1.2 Introduction to variable angle spectroscopic ellipsometry (VASE) 
Ellipsometry is a sensitive optical measurement technique that uses polarized light to 
characterize thin films, surfaces and material microstructure. This is accomplished by 
measuring the relative amplitude and phase change of the s- and p-polarized light upon 
reflection or transmission from a sample. The measured values are expressed as (del, psi), 
(∆,Ψ) which represents the phase difference and amplitude ratio between incident and 
refracted s- and p-polarized light waves. These experimental measured values are in turn 
related to the Fresnel amplitude reflection coefficients Rp, Rs for p and s-polarized light 
respectively for a single interface:  




p ψρ     
Unlike traditional ellipsometry that uses single-wavelength lasers as the light source, in a 
spectroscopic ellipsometer, a broad spectra light from a lamp (in our case, Quartz Tungsten 
Halogen lamp) is used in conjunction with a compensator to convert the light to linear 
polarization. In order to simultaneously measure all the wavelengths of the broad spectrum 
simultaneously, reflected light is dispersed onto the array of silicon photodiodes in a charged-
coupled device (CCD) (Figure 2.2).   
 
Generally there are two uses for ellipsometry: a) to determine the film thickness b) to determine 
film optical constants (n,k). As compared to using the profiler, ellipsometry is relatively non-
destructive as there is no physical probe in contact to the film. However, ellipsometry is an 
indirect characterization method which requires optical modeling with appropriate parameters 
adjusted iteratively to give the best fit between the generated model (∆,Ψ) values with the 
experimental (∆,Ψ) in order to extract meaningful information (Figure 2.3).  When determining 
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the film thickness, it is straightforward to have precise optical constants (n,k) of the film. 
However when the optical constants of the film are unknown, it is crucial to know accurately the 
film thickness for which it can be used to build the appropriate optical model that matches the 
film from which the experimental (∆, Ψ) have been collected.  
 
Ellipsometry data are also acquired at multiple angles of incidence for three reasons:  
(1) To increase the available experimental (∆,Ψ) data sets to extract a single set of (n,k). 
(2) Variable angle measurement will also change the path length of the probe beam as it 
travels through the film.  
(3) To acquire more data at angles near the Brewster angle.  
Brewster angle θB is the incident angle in which there will be a large difference between the Rp 
and Rs amplitude reflection coefficients therefore small changes in the film optical properties 






where nt, ni are refractive indexes of the respective optical layers. This is known as the 
Brewster law. Hence at the SiO2/air interface, (nt/ni = 1.54) θB = 57° while for most organic film, 
(nt/ni = 1.70) θB = 60°. Therefore to maximize the sensitivity of the ellipsometry measurement, 
the data are normally acquired near this Brewster angle. However the high sensitivity of the 
Brewster angle data also meant that modeling of this particular angle is challenging, as it is 
prone to pick up all the non-idealities of the film (i.e. film roughness, defects, dust particles, 


























Figure 2.3: A schematic flowchart illustrating the procedure in performing a spectroscopic ellipsometry 
measurement, mod denotes model while exp for experiment respectively. In this thesis, major 





Unlike XPS, NEXAFS and other surface-sensitive techniques in which the depth resolution is 
imposed naturally by a physical mechanism, such spectra from reflection VASE spectra here 
can be achieved only through optical modeling.  In the absorption band region band, the 
penetration of the incident light is limited by the absorption depth.  Even for strongly allowed 
transitions this is of the order of 50 nm (1/e) at the absorption band maximum.  Thus the 
experimental (∆,Ψ) spectrum probes the (n,k) spectrum and its variation within this thickness.  
In the optically transparent region, the incident light fully penetrates the film, and so the 
experimental (∆,Ψ) spectrum probes the (n,k) spectrum and its variation through the entire 
thickness of the film.  This information can be extracted only by appropriate optical modeling.  
Without this, it is not possible to obtain depth resolution better than 50–100 nm in the strong 
absorption band, or any depth resolution at all in the transparency region.   
 
2.1.3 Use of VASE in organic thin films  
The spectroscopic ellipsometry has been used to determine the optical constants of numerous 
organic thin films such as poly(phenylenevinylene),1 polyfluorene,2 conducting polymer 
poly(3,4-ethylenedioxythiophene)-poly(4-styrenesulfonate)(PEDOT:PSS)3 and polythiophene.4 
 
The optical properties in thin film can be described to be either isotropic or anisotropic. In an 
isotropic film, a single set of complex refractive index N can be used. While in anisotropic film, 
two (uniaxial) (nx= ny≠ nz) or more sets (biaxial) (nx≠ ny≠ nz) of complex refractive index are 
used. In thin films of conjugated polymers, it has been found to exhibit uniaxial anisotropy with 
a preferential alignment of the polymer chains in-plane of the film than out-of-plane.1 This has 
been shown in the 1980s using an early inception of an ellipsometry based on single Ar-ion 
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laser wavelengths via polarized optical transmission and reflection measurements on a 
common electroluminescent polymer, Poly(2-methoxy)-5-(2’-ethyl-hexyloxy)-p-
phenylenevinylene (MEH-PPV).5 It is preferred to have a large proportion of emitting polymer 
chains lying in-plane than out-of-plane so as to achieve higher out-coupling efficiencies 
perpendicular to the substrate plane in devices. 
 
The ratio of in-plane to out-of-plane absorption at the peak of the π- π* band in MEH-PPV is 
found to be 7.6 Another measurement using uniaxial anisotropy modeling of the spectroscopy 
ellipsometry data from Tammer and co-workers based on polyfluorene thin films reveal this 
ratio to be 6.7 This anisotropy is reported to be dependent on the molecular weight of the 
material with increasing in-plane indexes for higher weight.2  However, it is agreed that 
isotropic fittings are a good approximation to the film optical properties although the film might 
exhibit anisotropic optical properties.8  
 
Most of these analyses assume the thin film is homogeneous across the thickness without 
regard to the depth profile. Recently, spectroscopic ellipsometry was used to model the depth 
distribution profile of a molecular acceptor in a polymer organic semiconductor blend film.9 
However the assumption of a linear composition depth profile may be in serious error if the 
profile is non-monotonic due to spinodal decomposition waves during phase separation in a 
blend polymer.10 Even the (n,k) spectrum of the pure polymer film itself may not necessarily be 
invariant across its thickness.   
 
In the following section, a novel dual interface VASE methodology that is able to extract the 
interfacial information from a layer of pure polymer thin film deposited on a thin glass substrate 
is described.  
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2.1.4 Dual interface VASE methodology and modeling procedure   
The dual interface VASE methodology requires (∆,Ψ) spectra from both the top and the bottom 
side of the sample. As illustrated in Figure 2.4, the rrP3HT film is first measured from the top 
interface (light illuminating onto the top film side). Subsequently, the film is flipped over to 
measure from the bottom (light illuminating onto the bottom side of substrate) interface.   
 
To extract the limiting independent and Kramers-Krönig (KK)-consistent optical properties of 
the rrP3HT (n,k) spectrum for each of the top and bottom interfaces, a general optical model 
was developed in which the film is described by with a depth dependence given by a self-
consistent linear composition grading. This is a first (and the simplest) approximation in that it 
uses only two independent (n,k) spectra to describe the two interfaces, which is expected to be 
valid for thin pure films that do not show phase separation. The microroughnesses of both the 
top and bottom interfaces were neglected as they amount to less than a few nm over 500 x 500 
nm2 (vide infra). Film anisotropy was also neglected (see detailed discussions later).  From the 
high quality of the simultaneous fits to the reflection VASE (∆,Ψ) spectra collected from both 
sides of the same film, and the KK consistency of the (n,k) spectra, we conclude that these 
approximations are justified.  
 
For the pure thin films studied in this thesis, it is sufficient to consider a linearly-graded 
variation in the (n,k) optical properties through the film thickness.  As a result, we can obtain 
two “limiting” (n,k) spectra that represent the local (hypothetical) optical properties at each of 
the two faces of the film (Figure 2.4).  Thus the “top” and “bottom” (n,k) spectra refer to these 
two limiting spectra respectively.  Linearly composition grading through the film thickness using 
effective medium approximation (EMA) then reproduces the experimentally top and bottom 
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reflection VASE spectra.  We do not expect the formation of distinctive interfacial layers 
particularly in the thinner films studied, since the polymer radius of gyration penetrates 
significantly into the film.  Because KK compliance was imposed, these top and bottom (n,k) 
spectra are physically meaningful, and can be associated approximately with those of an 
ultrathin layer at the respective the air and substrate interfaces.   
 
The unknown optical constants of the rrP3HT film was modeled by first fitting the film thickness 
in the transparent region (k= 0) (> 700 nm) using a three-parameter Cauchy equation and a 
thickness parameter, which was verified by profilometer measurements. The Cauchy equation 
is as shown: 
.....)( 42 +++= λλ
λ CBAn  
where n is refractive index, A, B, C are coefficients and λ is wavelength. 
 
The effective film thickness was then fixed as input parameter, and the pseudo-dielectric (n,k) 
spectrum of the film was obtained point-by-point by fitting to the top set of (∆,Ψ) spectra.  This 
first approximation to the top (n,k) spectrum was then made KK-consistent by transforming the 







)'E(k'E)E(n .  This KK-consistent 
approximation to the top (n,k) spectrum was then used as fixed input to extract the next 
approximation to the bottom (n,k) spectrum by fitting point-by-point to the bottom set of (∆,Ψ) 
spectra.  At each point, the (n,k) spectra variation through the film thickness was taken care of 
by EMA using linear composition grading of the top and bottom (n,k) spectra.   This 
approximation to the bottom (n,k) spectra was then made KK-consistent as before, and then 
used as fixed input to extract the next approximation to the top (n,k) spectrum by fitting point-
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by-point to the top set of (∆,Ψ) spectra.  The procedure was iterated until a set of self-
consistent solution to the top and bottom (n,k) was found (typically within a few cycles), and 
good overall agreement with both sets of (∆,Ψ) spectra achieved.  
 
rrP3HT film (Graded Layer)
Glass coverslip
Linear composition graded EMA layer consisting of the 
following order: 
i. Top interface (n,k)
ii. Bottom interface (n,k)
as the limiting optical constants. 
rrP3HT film (Graded Layer)
Glass coverslip
Linear composition graded EMA layer consisting of the 
following order:  
i. Bottom interface (n,k)
ii. Top interface (n,k)
as the limiting optical constants. 
Top interface model
used to fit the top illuminated (∆,Ψ) data
Bottom interface model
used to fit the bottom illuminated (∆,Ψ) data
 
Figure 2.4: Schematic of the dual interface variable angle spectroscopic ellipsometry methodology and 




rrP3HT (>97% regioregular, Mn = 17k, Sigma-Aldrich) was purified in-house by hydrazine 
reduction and column chromatography, and then dissolved in chlorobenzene in the glovebox 
(pO2, H2O < 1 ppm). The polymer solution was heated to 120˚C in the glovebox for 15 min to 
erase aggregation history and cooled to room temperature for ca. 15–30 min before each film 
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deposition run.  Films were fabricated on 0.17-mm-thick glass substrates for VASE 




Films were spin-cast at 3000 rpm (15 mg mL–1 and 148 mg mL–1 to give 60-nm and 1.0-µm-
thick films respectively); or drop-cast (40 µL; 10 mg mL–1; 1 cm2 substrate) and dried in the 
glovebox at room temperature; or inkjet-printed with a single nozzle (Dimatix DMP 2831 or 
Litrex 120) one lane at a time to give a 1-cm2 pattern using a matrix method to prevent 
dewetting of the droplets (See Figure 2.5) (9 s per lane; parameters:  droplet velocity = 8 m s–1; 
diameter = 50 µm; spacing = 100 µm; frequency = 1.6 kHz; Weber number We = 58; Reynold 
number Re = 13; Bond number Bo = 5.1×10-5) with initial droplet spreading on the substrate 
impact-driven in the inviscid limit, and shape determined by surface tension effects.  All the 
films were then annealed at 120ºC in N2 (10 min). 
 
Our matrix methodFlooding method (Raster)  
Figure 2.5: Cartoon illustrating the flooding method vs the matrix method. In an usual flooding 
method, there will be dewetting and migration of the solution (blue arrow) which will prevent 
film formation. To solve this problem, the matrix method is used. The first layer (droplets 
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denoted by solid orange circle) has been put down in a array (open red circle) followed by a 
second array layer over the semi-dried first layer.    
 
VASE: Reflection VASE  
Variable-angle spectroscopic ellipsometry (∆,Ψ)–θ spectra were collected on a M-2000V 
spectroscopic ellipsometer (J.A. Woollam) over 370–900-nm wavelength. The rrP3HT film is 
first measured from the top interface (light illuminating onto the top film side).  Subsequently, 
the film is flipped over for measurement from the bottom (light illuminating onto the bottom side 
















Figure 2.6: Schematic of dual interface reflection VASE methodology and modeling based on a linearly-
graded variation in the (n,k) optical properties through the film thickness to obtain two “limiting” (n,k) 
spectra that represent the local (hypothetical) optical properties at each of the two faces of the film. The 






2.3 Results and discussions 
2.3.1 Validation of methodology:  Consistency of top and bottom (n,k) 
spectra of amorphous thin films 
 
Figure 2.8a shows the results of the first control experiment using a polystyrene (PS) thin film 
to validate our VASE measurement and modeling methodology.  PS is a well-behaved optically 
transparent amorphous polymer that should not show any significant variation in its (n,k) 
spectrum through the film thickness. In this experiment, the (∆,Ψ) vs θ spectra (symbols) were 
measured from both the air and substrate sides of a 140-nm-thick spin-cast PS film on thin 
glass.  The data were then fitted to an isotropic four-layer model of air/ glass/ polymer/ air 
(lines) to extract the (n,k) spectra of this film at both the top and bottom interfaces.  The 
incoherent reflection from the back of the glass substrate was taken into account.  The quality 
of the simultaneous (∆,Ψ) fit over all measured incidence angles (θ = 50–60˚) was excellent.  
This can be seen both from the coincidence of the model (∆,Ψ) with the measured (∆,Ψ), and 
also from the overall root mean square error (root-MSE = 1.2, see Table 1).   This root-MSE 
indicates that the systematic deviation of the experimental data from the model is close to the 
experimental noise.  The extracted (n,k) spectra show the top and bottom interfaces to be 
practically identical, at an uncertainty in n of less than 0.02.   
 
Figure 2.8b shows the results of the second control experiment with a 80-nm-thick amorphous 
green-emitting phenyl-substituted-poly(p-phenylenevinylene) thin film (green-PPV, chemical 
structure in Figure 2.7)11 spin-cast also on thin glass.  The random copolymerization and side-
chain placement suppress π-stacking and crystallization in this polymer to give an amorphous 
material.12  The key feature of green-PPV is its strong π–π* absorption band in the optical 
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region, as seen in the k spectrum centered at 400 nm which causes a large correlated 
fluctuation in the n spectrum.  This thus provides a stringent test of the reliability of our data 
analysis methodology across the strong absorption band. The data was collected and modeled 
in the same way as for the PS film.  The quality of the simultaneous (∆,Ψ) fit over all measured 
incidence angles (θ = 50–60˚) was good with root-MSE = 4.7 (Table 1).   This root-MSE 
indicates a systematic deviation of the order of 4–5 times of the measurement noise, which is 
still very small.  It probably arises from neglect of film anisotropy and interface roughness. Bad 
fits typically have root-MSE > 50.  The results show the top and bottom (n,k) spectra differ by 
less than 0.05 units at their respective peaks.  Together with the results from PS, we can thus 
conclude that amorphous thin films (whether transparent or absorbing) do not show marked 
interface-dependent (n,k) spectra.  This is in line with our expectation, and demonstrates that 
our VASE measurement and modeling methodology is reliable. 
 
Figure 2.7: Chemical structure for the molecules studied in this chapter: (a) Regioregular Poly(3-
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spin-cast PS film (140-nm-thick):(a)
































































Figure 2.8: Reflection VASE (∆,Ψ) spectra and modeled KK-compliant (n,k) spectra for the top and 
bottom interfaces of spin-cast PS and green-PPV thin films used to test the reliability of extraction 
method. Left panels give (∆,Ψ) data (symbols) and model (lines) for top illumination.  Middle panels 
give the same for bottom illumination. Only 10% of experimental data are shown for clarity ( = 50°  
= 55°  = 60°).   Right panels give the modeled (n,k) spectra of the top and bottom interfaces.  These 
refer to the limiting in-plane (n,k) spectra at these two interfaces. (a) Spin-cast 140-nm-thick PS film, (b) 






2.3.2 Large difference in the top and bottom (n,k) spectra of rrP3HT films 
This methodology was applied to various rrP3HT films.  Figure 2.9a shows the data and fit for 
the 60-nm-thick rrP3HT sc-1 film, made in the same way as for the model films.  Again good 
agreement with the experimental (∆,Ψ) spectra were obtained (root-MSE = 6.1).  At this point, 
a comment on the anisotropy of these films is in order. rrP3HT films are well-known to be 
anisotropic.  However the (n,k) spectra obtained by reflection VASE for moderately large θ ≤ 
60º is substantially weighted by the in-plane response.  This is due to the strong weighting of 
the (∆,Ψ) itself by the in-plane (n,k), as shown by calculations in later section. (see also Ref 
8,13,14).   
 
Now these spectra reveal a marked difference between the top and bottom interfaces.  The top 




4 ) shows an enhancement of the red 
edge of the π→π* band (450–650 nm), and an apparent increase in the ratio of 0→0 to the 
0→1 vibronic bands (I0-0 / I0-1 = 0.71 (top) vs 0.43 (bottom).  This indicates a larger fraction of 
π-stacks with ordered planarized segments15,16 occurs at the top interface.  A similar redshift of 
the absorption band occurs with interchain order also in alkyl-substituted polyfluorenes17 and 
dialkyoxy-substituted poly(p-phenylenevinylene)s.18  The corresponding features in the n 
spectra also shift accordingly as required by KK consistency.  The root-MSE value still 
indicates excellent fit to the data, despite the added complexities, such as anisotropy, film 
roughness and granularity, which have not been modeled.  This together with the excellent 
overall fit obtained provides confidence that our model of depth-dependent (n,k) spectra 
correctly describes the primary effect in the film.  The results are not an experimental or model 
artifact as the amorphous green-PPV film does not show a large difference between the two 
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interfaces.  These results thus show that the top interfacial region of the sc film has significantly 
better order than the bottom.  Therefore it appears that the top surface of the evaporating 
rrP3HT solution has time to organize into better π-stacked and more crystalline lamellae than 
the bottom, in spite of the slower drying rate expected at the bottom.  This is perhaps due to 
the substrate adsorbing and thus pinning some of the rrP3HT segments, which prevents their 
subsequent organization into ordered π-stacks. 
 
The long-wavelength limits of both the n spectra turned out to be identical even though this 













)'E(k  as E→0.  Their coincidence thus suggests that the integrated 
k/E is identical at both the interfaces, which suggests that indeed the π→π* oscillator strength 
at the bottom interface resides in shorter (more disordered) conjugation segments. 
 
These trends are also seen in the thicker spin-cast film (sc-2, 1.0-µm-thick) deposited from a 
more concentrated solution (Figure 2.9b).  Again we find that the top spectrum to be more 
ordered than the bottom (0.67 (top) vs 0.49 (bottom).  Therefore they appear to be a general 
characteristic of sc films from tens of nm to a µm thick.  However the thicker film is even more 
crystalline, as evidenced by its even better-resolved vibronic features. Direct measurement by 
UV-Vis transmission spectroscopy of this film is not possible due to its large optical density. 
The poorer quality-of-fit in (∆,Ψ) in the transparent region > 650 nm is a characteristic of such 
thick films due to the large variation in phase shift for the same (small) fractional variation in 
film thickness.20 Nevertheless the n spectrum in this region, where k = 0, can still be accurately 
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known, because it is completely specified by KK transformation of the (n,k) spectrum in the 
absorption region.  [Similar comments also apply to the dc and ijp films below.] 
 
Figure 2.10a shows the results for the 3.3-µm-thick dc film.  The top and bottom (n,k) spectra 
are now more nearly identical, with interchain order marginally better at the bottom interface, as 
judged by the I0-0 / I0-1 ratio (0.57 (top) vs 0.68 (bottom)). Figure 2.10b shows results for the 1.7-
µm-thick ijp film. This film exhibits a significant height fluctuation on a lateral length scale (5-
µm, see SEM measurements in chapter 3) which is much longer than the wavelength of light, 
and was taken into account for the modeling by including a distribution of thicknesses.  The 
fitting obtained is still quite good (root-MSE = 8.8, similar to that dc film, 10.4).  This film is even 
more ordered than the dc film, as evidenced by its even more pronounced vibronic structure 
seen in both the k and n spectra.   Its I0-0 / I0-1 ratio (0.80 (top) vs 0.87 (bottom)) in fact 
resembles that of a film that has either been melt-recrystallized,21 or deposited from very-high-
boiling solvents such as isodurene or trichlorobenzene.15,16,22-25  Therefore quite remarkably, 
the multi-pass ijp has induced unusually high crystallinity in a room-temperature process 
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Figure 2.9: Reflection VASE (∆,Ψ) spectra and modeled KK-compliant (n,k) spectra for the top and 
bottom interfaces of rrP3HT thin films deposited by different methods.  Left panels give (∆,Ψ) data 
(symbols) and model (lines) for top illumination.  Middle panels give the same for bottom illumination. 
Only 10% of experimental data are shown for clarity ( = 50°  = 55°  = 60°).   Right panels give 
the modeled (n,k) spectra of the top and bottom interfaces.  These refer to the limiting in-plane (n,k) 
spectra at these two interfaces. For wavelength >650nm, model points are reconstructed by KK 





Finally, we wish to add a remark on the relative anisotropy of these films.  To evaluate this, we 
used the following criteria: (i) the average (in-plane-weighted) n value of the films at 900-nm-
wavelength (sc-1, 1.86; sc-2, 1.85; dc, 1.72; ijp, 1.67), and (ii) the directly measured  ∆n = nip – 
noop using transmission VASE at 900-nm-wavelength (sc-1, 0.17; dc, 0.09; ijp, 0.07).  The ijp 
film has the smallest n and  ∆n, and it is clear that the relative anisotropy of the films vary as sc 
>> dc ≥ ijp.  Therefore the ijp film is the most isotropic (and most crystalline), followed by the dc 
film, and then the sc films.   Reasons for this will be explored in chapter 3. 
 
Table 1: Root mean square error values 
Film on glass Root-MSE (a) 
sc PS (model) 1.2 
sc green-PPV (model)  4.7 
sc-1 rrP3HT (thin film) 6.1 
sc-2 rrP3HT (thick film) 5.8 
dc rrP3HT 10.4 
ijp rrP3HT 8.8 
 
 
(a) The root mean square error (root-MSE) values for the models vs experiments described in Figure 















































1 ,  
where N is the number of data points (wavelength), n is the number data degrees of freedom, m is 
the number of model degrees of freedom, superscript “mod” denotes model values, “expt” denotes 
experimental values, and sub-script “norm” denotes data noise (ψnorm = 0.06º and ∆norm = 0.1º).   In 
our case, n = 6, since 3 angles each contribute 2 data sets (∆,Ψ) while m =2 since the outcome is 
(n,k)  For the model PS and green-PPV films, these were evaluated from the sum of both top and 
bottom reflection VASE data with incidence angles 50 and 55° and over 430−700-nm wavelength 
















































































































top interface bottom interface
 
Figure 2.10: Reflection VASE (∆,Ψ) spectra and modeled KK-compliant (n,k) spectra for the top and 
bottom interfaces of rrP3HT thin films deposited by different methods.  Left panels give (∆,Ψ) data 
(symbols) and model (lines) for top illumination.  Middle panels give the same for bottom illumination. 
Only 10% of experimental data are shown for clarity ( = 50°  = 55°  = 60°).   Right panels give 
the modeled (n,k) spectra of the top and bottom interfaces.  These refer to the limiting in-plane (n,k) 
spectra at these two interfaces. For wavelength >650nm, model points are reconstructed by KK 
together with Cauchy fittings. (a) drop-cast 3.3-µm-thick rrP3HT film, (b) inkjet-printed 1.7-µm-thick 







2.3.3 On the suitability of the use of an isotropic model to extract the in-
plane optical properties of an uniaxially anisotropic film 
 
By using detailed simulation studies, it can be shown that the (n,k) spectrum extracted using 
the isotropic model protocol described in the chapter directly yields the in-plane (ip) (n,k) 
spectra.  This is because the (∆,Ψ) spectrum of the optical structure is strongly dominated by 
the ip dielectric response of its components for typical incidence angles of 50–60º.  The results 
do not in fact have large sensitivity to determine the out-of-plane (oop) dielectric function with 
precision under these conditions.  To prove this, the spectra for an optical structure containing 
an anisotropic film with an appropriate amount of anisotropy and thickness was first simulated. 
Next, this spectra was modeled to extract the “isotropic” (n,k) spectrum of the film to compare 
with the simulation input.  
 
To create the anisotropy material layer, an experimentally measured rrP3HT sc KK-compliant 
spectrum was used as the model ip (n,k) spectrum together with an generated a KK-compliant 
model oop (n,k) spectrum by mixing with material with constant N = 1.45 – 0i at 45-vol%, in the 
Bruggeman effective medium approximation, to simulate dilution of the oop dielectric function 
by perhaps an alkyl side-chain fraction.  These two input (n,k) spectra are shown as closed 
symbols (ip) and open symbols (oop) respectively in the (n,k) plots in the right panels of Figure 
2.11.  The (∆,Ψ) spectra of an uniaxial film characterized by these two spectra, with a 
thickness of 60 nm or 1.0 µm, on a thin glass substrate, for incidence angles of 50º, 55º and 
60º from the film side, were computed by standard Fresnel transfer matrix methods, and shown 
as open symbols (red and blue for Ψ and ∆ respectively), in the left panels of Figure 2.11.  
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These data were then treated as reference data and modeled according to the following 




























































Figure 2.11: (a) Left panel: (∆,Ψ) fitting Right panel: Two input (n,k) spectra are shown as closed 






An optical model of: air/ glass/ film/ air, was built to extract the (n,k) spectrum of the film.  The 
dielectric functions of the glass substrate and air were taken from the input to the simulation.  
The (n,k) spectrum of the film was treated as unknown and modeled assuming it was isotropic.  
(∆,Ψ) spectra were iteratively computed by standard Fresnel transfer matrix methods from test 
(n,k) spectra and compared with the reference data.  The effective thickness of the film was 
first determined by simultaneously fitting the (∆,Ψ) spectra at the three incidence angles in the 
transparent region (700–900 nm) with a three-parameter Cauchy dielectric function and a film 
thickness parameter.  The fitting was found to be very good.  With this effective thickness, the 
point-by-point fitting of the (n,k) spectrum of the film that best fit the set of three (∆,Ψ) spectra 
was then computed.  The results are shown in the right panels (solid lines) of Figure 2.11.  We 
found that the (n,k) spectra obtained this way closely resembles the ip-(n,k) spectrum for both 
films.  In fact the extracted k spectrum accurately matches the input ip-k spectrum, while the 
extracted n spectrum systematically deviates from the input ip-n spectrum by only ca. 0.1 unit. 
 
These results clearly show that the isotropic model fairly accurately recovers the in-plane (n,k) 
spectrum of the film, and not a mixed ip and oop spectrum.  The reason of this is because the 
shift in (∆,Ψ) due to actual film anisotropy is compensated by an error in the determination of 
effective thickness, which we found here to incur an error of –10% when the isotropic model is 
assumed.  As a result, the extracted (n,k) gives the in-plane (n,k) of the film.  This conclusion 
also reflects the inability of the (∆,Ψ) spectra collected over 50º–60º to unambiguously 
determine the oop-(n,k) spectrum, unless the film thickness is independently and accurately 
known to better than 1% and input as a fixed parameter.  Since this is seldom the case, the 





The main achievement of our VASE work is to show that the previous neglect of the difference 
in (n,k) spectra between the top and bottom interfaces has obscured the possibility to model 
and study interface differences.  This neglect has been the standard practice in analyzing the 
VASE spectra of polymer organic semiconductor films, when the main preoccupation was to 
find an “average” (n,k) spectrum by fitting single-sided (∆,Ψ) data (usually taken at the air side) 
and assuming homogeneous film thickness profile, often even without imposing KK 
consistency.  However, the “average spectrum” thus obtained is not a simple linear average, 
because it oscillates with wavelength depending on the exact phase relationship of the 
reflections in the film.  Therefore the spectrum suffers some distortion, particularly for film 
thicknesses in the 40–150-nm intermediate range, because of the phase relationship in the 
interfering reflected light waves from the top and bottom interfaces.  The resultant distortion in 
our opinion is more severe than the small systematic error that results from the neglect of 
anisotropy.   
 
In any case, the differences in the k-spectrum between the interfaces, and between film 
deposition methods recorded in this thesis are considerably larger than the error due to neglect 
of anisotropy, for the range of film thicknesses investigated, so the conclusions of this study are 
robust. 
 
Although specific details may be influenced also by polymer and solvent effects, this study 
points out that polymer properties (such as optical and transport) can vary significantly across 
the film thickness. The optical dielectric (n,k) spectra between the top and bottom interfaces of 
spin-cast (sc) rrP3HT films deposited from chlorobenzene solutions show a red-shifted 
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absorption that is characteristic of better order than the bottom.  This disparity diminishes in 
drop-cast (dc) and multi-pass inkjet-printed (ijp) films, and disappears in amorphous films such 
as of polystyrene and of a green-emitting phenyl-substituted poly(p-phenylenevinylene).  The 
(n,k) spectra also reveal that crystallinity increases across sc < dc < ijp films.  
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Chapter 3 Probing polythiophene film orientation, morphology, 
packing using NEXAFS, AFM and SEM microscopies 
 
3.1 Summary 
In this chapter, rrP3HT films produced by different deposition methods are subjected to near-
edge X-ray absorption fine structure spectroscopy (NEXAFS) and microscopy studies as a 
continuation studies from the preceding chapter. NEXAFS shows the frontier chains in inkjet 
printed (ijp) and drop-cast (dc) films to be more isotropically oriented than in Spin-cast (sc) film. 
As widely anticipated, spin-cast rrP3HT films are locked in a highly non-equilibrium state which 
is confirmed by C1s→1π* band shape between the top and bottom interfaces. Inkjet-printed 
and dc films on the other hand are formed closer to equilibrium and so the top and bottom 
interfaces are more similar. These results suggest that semicrystalline films can be produced 
far from equilibrium, and so a marked variation in their (opto)electronic properties between the 
top and bottom surfaces can generally be expected, depending on the film deposition method. 
In all cases, nevertheless the lamellae at both the top and bottom interfaces of the films are 
substantially though not completely parallel to the interfaces. By using direct imaging of both 
the top and bottom (exposed by gentle lift-off) interfaces by tapping-mode atomic force 
microscopy (AFM), and also of the cleaved surface by cross-section scanning electron 
microscopy (SEM), ijp film observed to be more strongly characterized by features of highly 
crystalline film as compared to sc and dc films. This also agrees with crystallinity trend inferred 





The self-organization behavior such as the packing and orientation of organic semiconducting 
polymers at the frontier layers (i.e. film and air interfaces) is vital for scientific and technological 
interest. In particular, charge transport in organic field-effect transistors occurs at the 
accumulation region near to the interface of organic semiconductor and dielectric layer where 
holes or electrons will be induced. In polythiophenes bulk film, the adjacent polymer chain π-
stacked to give short interchain distances (3.8Å in rrP3HT) and give long distance between the 
lamellae which is separated by the alkyl-chains (17Å in rrP3HT). In the limiting orientation, 
these π−stacks in turn can be in out-of-plane or in-plane. X-ray diffraction techniques have 
been extensively used as a structural probe in the bulk film region but however they are not 
sensitive to the interfaces which is relevant for charge transport. Even when using grazing-
incident angle X-ray diffraction (GIXRD), there is limitation in the surface sensitivity when the 
film local roughness greatly exceeds the typical critical angle of 0.3º. On the other hand, near-
edge X-ray absorption fine-structure spectroscopy (NEXAFS) is surface sensitive and can been 
used to investigate polymer orientations. For rrP3HT in total electron yield mode, the surface 
sensitivity has been established to be 2.5 nm which is directly relevant to charge transport 
studies.1 Since NEXAFS is not a general technique, it will be briefly introduced in the next 
section.  
 
3.2.1 Introduction to NEXAFS 
In NEXAFS, a linearly polarized X-ray that is often provided by a Synchrotron source is 
directed on to the sample at a well-defined angle θ, measured with respect to the normal of the 
sample plane. Due to the strong directional character of the molecular orbitals, a transition from 
the K-shell (C1s shell) to an unoccupied π* orbital has maximum intensity when the electric 
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field vector E of the linearly polarized X-ray beam is parallel to the orbital. However, this 
transition is dipole-forbidden when the polarization vector is perpendicular to the orbital. This 
can be amply summarized in this equation2: 




   
where Iif is the transition intensity, E is the incident linearly polarized X-ray, r is the molecular 
orbital vector (π vector), i and f are the initial and final states. Therefore, the intensity 
dependence on the incidence angle can be used to determine the orientation of π−orbital and 
thus the molecular orientation.  
 
Using NEXAFS, the average Thiophene (Th) ring orientation pf the rrP3HT can be determined 
from the polarization intensity dependence of the C1s lowest-lying empty 1π* transition (Figure 
3.1). This transition is polarized perpendicular to the Th plane. Using standard dichroic analysis 
equation2: 
   [ ])1cos3)(1'cos3(5.01 22 −><−+≈ αθI  
where θ’ is the incidence angle on the Th plane as measured from the sample surface and <α> 
is the average tilt angle of the Th-ring from the plane of the Th-ring normal to the film normal. 
As a consequence, when there is random molecular distribution, each general direction will 

























Figure 3.1:  Schematic of the relation between the molecular orientation vector π and the incident 
electric field vector E

 of the linearly polarized X-ray beam. When the electric field vector E

 is parallel 
to the orbital, there is strong transition intensity. This intensity will change depending on the angle of 
incidence of the electric field vector E

which then allows the polymer thiophene plane orientation to be 




The rrP3HT film was deposited according to the procedures as explained in chapter 2. Prior to 
depositing the rrP3HT film, the SiO2 substrate was first modified with octadecyltrichlorosilane 
(C18H37SiCl3) (1mM in toluene, 3 hours) to give a close-packed hydrophobic C18 self-assembled 
monolayer and then excess SiOH groups were endcapped by vapor treated with 
hexamethyldisilazane ((CH3)3SiNHSi(CH3)3) (120ºC for 10 min). This procedure is crucial to 
produce a surface on which the rrP3HT film adheres very weakly. To study the bottom 
interface, the rrP3HT film was lifted off the SiO2 wafer using light contact pressure with another 
double-sided Cu tape already mounted on another wafer without causing mechanical alteration 





Total-electron-yield near-edge X-ray absorption fine structure spectra were collected at the 
Singapore Synchrotron Light Source (SSLS) on the SINS beamline fitted with a dragon 
monochromator using linearly-polarized x-rays (P ≥ 0.97) with energy resolution of 0.6 eV at 
the C1s edge, and calibrated using carbon dips in the mirror currents.  Energy precision is 
±0.05 eV, and accuracy is ±0.1 eV.  The spectra were normalized to the mirror current using 
sputter-clean gold as reference.  
 
AFM 
Atomic force microscopy (AFM) was performed in air using a tapping mode on a Dimension 
3000 Nanoscope, using silicon cantilevers.  The scan areas are typically 3×3 µm using 512 
lines at 1 Hz scan speed.  
  
SEM 
Cross section scanning electron microscopy was performed using JEOL JSM 5600LV scanning 
electron microscope. The rrP3HT film of interest was cleaved into half and sputtered with 15nm 
thick of Pt (Jeol JFC1600 Auto Fine Coater) on the top of the film as well as at the edge to 
prevent charging. The cross section image was a montage of several separate images stitched 







3.4 Results and discussions 
3.4.1 NEXAFS: Measurement of chain orientation & existence of different 
interchain states 
 
Total-electron-yield NEXAFS spectroscopy2 was used to characterize the molecular orientation 
and interchain packing differences (i.e. polymorphic states) in the frontier layers of the top and 
bottom interfaces of these rrP3HT films.  The bottom interfaces were exposed by the same 
gentle lift-off method as used in the AFM studies.   For rrP3HT, the total-electron-yield signal 
originates in the top 2.5 nm of the film (for 63% of signal)1 due to rapid thermalization of the 
secondary electrons,3  and so this technique measures the top 2–3 monolayers of the chains at 
both the interfaces. 
 
First, from the angular dependence of the C1s→1π* feature at 285 eV, we determine the 
average angle between the Thiophene (Th) ring normal and film normal <α> by standard 
dichroic analyses.4-7  This gives <α> = 66–67º for both interfaces of the sc film, and 58–61º for 
the dc and ijp films, as shown in figure 3.3.   This angle can be used to deduce another average 
lamellar orientation angle (α, β see diagram, Figure 3.2), provided that the roll angle (also 
called the setting angle) β between the Th-ring normal and the lamellar normal is known.  This 
angle does not in fact have to be 90º as sometimes assumed in the literature.  Figure 3.2 shows 














Figure 3.2: Schematic drawing illustrating the α and β angles with respect to film normal and lamella 




β can differ significantly from 90º as a result of the short-axis slip displacement that widely 
occurs in π-stacked systems.8 β was estimated as follows (since its value has not been directly 
measured):  (i) Th-ring thickness is ≈ 3.5 Å, acc ording to single-crystal data9. (ii) The X-ray 
interplane spacing (roughly in the π-stack direction) in rrP3HT is 3.78 Å.10,11  If we assume the 
neighboring Th rings are in van der Waals contact within the lamellae, we obtain from geometry 
that β = 70º (±5º).  This value is similar to those directly measured in a variety of single crystals 
of alkyl-substituted five-membered heterocycle oligomers.8    
 
For β = 70º, <α> must thus lie between 70º and 20º given by the limits of perfectly oriented 
parallel and perpendicular lamellae respectively to the interface.  Thus the sc film with <α> = 
66–67˚ may be interpreted to exhibit nearly completely parallel lamellae orientation (i.e., ca. 
67 
 
90%, marginally higher than in our previous sc films), while the dc and ijp films with <α> = 58–
61˚ still exhibit substantially parallel lamellar orientation (ca. 80%) at the interfaces.  Similarly 
small deviations of the lamellae from nearly parallel alignment have also been found in other 
reported data for rrP3HT processed from different solvents and conditions.4,6,7  The previously 
noted height  fluctuation of the ijp film may be expected to cause the <α> value to shift towards 
the magic angle of 54.7º, but this effect appears to be small. 
 
Secondly, a systematic difference was found in the C1s→1π* band shape that varies with the 
film deposition method.  The ijp and the sc films show at least two distinct shoulders which 
point to discrete states on the low-energy wing of the C1s→1π* band.  These features are 
more pronounced here than in our previous work,  in which we have established they are not 
due to different carbon atoms in the Th ring, nor the usual π*-band dispersion because strong 
localization of the C1s→π* final state by the core hole splits it off the extended π* states.12-14  
Ab initio calculations have suggested rather that they arise from interchain interactions in 
different packing states (i.e., different π-stacked polymorphs)7.  Therefore this indicates a 
general breakdown of the “building block” picture often used to interpret NEXAFS spectra due 
to strong interchain interactions in these π-conjugated polymers.   While detailed nature of the 
specific interchain states awaits further clarification, they could have arisen from different 
relative slips in the short- and long-axes of the Th chains, as suggested already by the 





















































Figure 3.3: Total-electron-yield NEXAFS C1s spectra. Insert shows the curve-fitted 279–287-eV region 
around the C1s→1π* transition for θ = 0˚ by a progression of Gaussians located at 285.2, 284.0, 282.8 
and 281.6 eV.  The top NEXAFS spectra were collected on films deposited on octadecyltrichlorosilane- 
and hexadimethylsilazane-treated silicon substrates.  The bottom spectra were collected on films 
delaminated from the silicon substrates by copper conducting tape. X-ray angle θ is taken with respect 
to the sample surface normal.  
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Although polymorphism (i.e., variation in the crystal structure) is well-known for oligothiophenes 
and poly(3-alkylthiophenes),15-17 the data here suggests that even when XRD shows only one 
“average” crystalline form (the dc films give only a single set of (h00) and (010) spacings,10 the 
polymer segments can locally inhabit different states that can be selected by processing.  In 
particular, the strongly-interacting interchain polymorph which gives rise to the biggest red shift 
appears to be favored at the top ijp and also the bottom sc interface regions. 
 
3.4.2 Direct observation of differences in crystalline morphology by 
microscopies 
 
Optical and scanning electron microscopies confirm this unusual crystallinity in the ijp film.  
Optical micrographs show large polygonal facetted domains up to 50 µm across (see Figure 
3.4a and insert).  The color contrast in these optical images comes from optical interference, 
probably as a result of different height.  Cross-section SEM shows that the crystalline domains 
embedded in the film also protrude from the surface.   This ijp morphology is thus rather 
different also from the nano-nodules or nanoribbons previously reported for similar high-Mn 
rrP3HT obtained by melt recrystallization or very-high-boiling solvents.4,18-20 The finding that 
large crystalline domains can form within the deposited film in a conveniently accessible 
solvent is remarkable. Polarized imaging reveals no excess birefringence in these crystalline 
domains, and so the polymer long axes must be approximately perpendicular to film plane. In 
contrast, the dc film (Figure 3.4b) shows embedded whiskers only, with the color contrast 
arising probably from a small refractive index difference.  For comparison, the sc film is 





Atomic force microscopy 
 
Atomic force microscopy of the surface topography at a much finer length scale than optical  
microscopy are shown in Figure 3.4d–f for the top interface for the ijp, dc and sc films 
respectively, and Figure 3.4g–i for the bottom interfaces of these films.  The top images show 
that the ijp film surface exhibits coarser nodules (20–50-nm diameter) than the dc and sc films 
(10–20-nm), in agreement with its more extensive crystallization.  To image the bottom 
interface, a gentle lift-off technique was used to remove the film from the substrate.  rrP3HT 
films do not adhere strongly to SiO2 substrates that have been pre-treated by 
octadecyltrichlorosilane and then hexamethyldisilazane, which allows the films to be lifted-off 
readily by contact with double-sided tape mounted to another SiO2 wafer.7 The exposed 
surface of the transferred films can then be imaged directly by AFM.  No significant artifacts 
were introduced into the images from shear or plastic deformation.  The bottom interface of the 
sc film revealed this way is smooth and featureless (Rrms = 0.4 nm over 0.6 x 0.6 µm), which 
rules out any mechanical damage.  However the dc film shows some granularity (Rrms = 0.9 
nm), while the ijp film shows significant nodular features (Rrms = 4.2 nm).   
 
This series of results clearly shows that the polymer chains at the bottom interface need not be 
conformally packed against the substrate to give a smooth interface that mirrors the substrate 
(Rrms = 0.2 nm) as might have been expected.  Their propensity to crystallize appears to cause 
the formation of domains that persist to and roughen the bottom interface.  Here this increases 
as sc < dc < ijp, in line with the relative increase in crystallinity.  The presence of such a bottom 
“roughness” interface layer has in fact previously also been inferred from neutron reflectivity 
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Inkjet- printed Drop-cast Spin-cast
 
Figure 3.4: Optical micrographs of the (a) ijp, (b) dc and (c) sc-2 rrP3HT films.  Inset of (a) shows a 
protruding crystal domain 10 µm across.  Colors are due to interference contrast.  Tapping-mode AFM 
topography micrographs of (d) top and (g) bottom surfaces of ijp rrP3HT film, (e) top and (h) bottom 
surface of dc rrP3HT film, (f) top and (j) bottom surface of sc rrP3HT film.   Root-mean-square 
roughness (Rrms) values averaged over the images are shown. The bottom topography was revealed by 
gentle lift-off of the film from the SiO2 substrate without causing mechanical alteration to the film.  The 
SiO2 was first modified with octadecyltrichlorosilane and the excess SiOH groups then endcapped with 
hexamethyldisilazane to produce a surface on which the rrP3HT film adheres very weakly and can be 





Scanning electron microscopy (cross-section) 
 
Cross-section SEM reveals strikingly that the cleaved edge of the ijp film is characterized by an 
extensive network of internal domains, folds, voids and pull-out fibrils at the 0.1–0.2 µm length 
scale (Figure 3.5b). These features are highly characteristic of a highly crystalline film.  In 
contrast, the cleaved edge of the thin sc-1 film is smooth and featureless (Figure 3.5d), while 
that of the thick sc-2 film begins to reveal a domain (granular) fracture morphology similar to 
the dc film (Figure 3.5a).  These trends provide further experimental support for the crystallinity 


















Figure 3.5: Cross-section SEM micrographs of the cleaved edges of the (a) dc and (b) ijp (c) thick sc 







Thus the following picture emerges. (i) Spin-cast rrP3HT films are locked in a highly non-
equilibrium state, as have been widely anticipated.  This is confirmed here by the large 
differences in the (n,k) spectra and in the C1s→1π* band shape between the top and bottom 
interfaces.   Surprisingly we found better order at the top, but a closely-interacting π-stacked 
interchain polymorph at the bottom.  (ii) Inkjet-printed and dc films on the other hand are 
formed closer to equilibrium and so the top and bottom interfaces are more similar.  However, 
the ijp films can surprisingly also exhibit even more pronounced crystallinity and isotropy than 
dc films, and with its own characteristic distribution of interchain states.  In all cases, 
nevertheless the lamellae at both the top and bottom interfaces of the films are substantially 
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Chapter 4 The effect of “ijp” morphology on field-effect mobility  
 
4.1 Summary 
The previous chapter has revealed a variation in the molecular orientation (NEXAFS), order 
and packing density at the interfaces (VASE) and crystallinity (VASE, AFM, SEM) with respect 
to the processing methods (ijp, dc and sc). In this chapter, the field-effect transistor (FETs) 
devices made from the different processing methods are compared based on their field-effect 
linear mobility (µFET). Results show that devices made from sc and dc films give similar µFET, 
but the ijp films give µFET an order of magnitude lower. This poorer µFET has also been 
measured in specially designed single ijp-droplet FETs fabricated on circular source-drain 
electrodes, proving that it is intrinsic in the ijp method and not due to the specific details of the 
printing. SEM and AFM evidences from previous chapter suggest that the lower mobility in ijp 
film is likely due to carrier trapping at the domain boundaries in the more crystalline ijp film. 
Absorption spectrum in a single droplet also presents high crystallinity. Therefore this is an 
intrinsic property of ijp. However by solvent-vapor annealing, this ijp µFET can be restored to 












4.2.1 Introduction to field-effect transistor 
Charge transport in organic semiconductor can be quantified from field-effect mobility (µFET) 
which can be extracted using field-effect transistors (FET).1-3 The device structure of a bottom-
gate, bottom electrode field effect transistor is shown in figure 4.1. Three fundamental 
components of a three-terminal device contain, electrodes (source, drain, gate), semiconductor 
and dielectric layer. For diagnostic purposes to study µFET, Si is normally used as the gate 
while thermally grown SiO2 is the gate dielectric layer. Source and drain electrodes are 
patterned on the SiO2 using photolithography and evaporated with Au. The organic 
semiconductor layer can be spin-cast, inkjet printed or drop-casted onto the source-drain 
contacts.   
 
 
Figure 4.1: A field-effect transistor (FET) device structure. 3D structure (left) Corresponding 2D 





Since the conductivity within the channel is low (6.8×10-9 Scm-1)4, no free charge carriers are 
available in the organic semiconductor, there is only a small current that will flow at low voltage 
between the source and drain electrode. By applying a positive (negative) gate voltage, a large 
electric field induces negative (positive) charge carriers accumulate in 1 – 2 nm of the organic 
semiconductor near the organic semiconductor-dielectric interface. These carriers will flow in 
from the source to the drain contacts when a potential is applied between the source and drain. 
To characterise the FET, two measurements are taken: Transfer characteristic and Output 
characteristic.  
 
In a Transfer curve, a constant source-drain voltage VD is maintained while source-drain 
current ISD is measured as a function of sweeping gate voltage VG. By measuring a set of 
different VD, a Transfer characteristic is obtained (Figure 4.2). Output characteristic is taken with 
a constant VG and measuring ISD as a function of sweeping VD.  A set of different VG will give an 




Figure 4.2: Transfer characteristic of a spin-coated rrP3HT FET. 
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From the output characteristic, several regimes can be clearly identified:  
(i) When VD << VG - VTH, where VTH is the threshold voltage as denoted on the Transfer voltage, 
charge carriers concentration within the accumulation region is independent of the position 
from source and drain. ISD is proportional to VD. Hence this is known as linear regime.  
 
(ii) Increasing VD will lead to a carrier concentration gradient within the channel, leading to a 
deviation from the linear relation. At VD = VG - VTH, the potential at the gate and the channel 
region near the drain are equal, hence channel is “pinched”. When VD > VG-VTH, a region where 
charge carriers get depleted shifts from the drain to the source and the IDS does not increase 
despite increasing VD. This is known as saturation regime.    
 
From the output and transfer characteristic, field-effect mobility µFET can be obtained 
depending on the regime: 











2 ISD  
where L is channel length, w is channel width, C = capacitance of gate dielectric per unit area. 
 
4.2.2 Design of single ijp-droplet field-effect transistors electrode 
A novel photolithography mask was designed to measure the field effect mobility of a single ijp-
droplet. There are several considerations in the design of the new mask. The source-drain 
structure has to be similar size as the foot print area of a single ijp-droplet. Hence the mask 
pattern is designed to accommodate the typical size of a single ijp-droplet that is 50µm in 
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diameter. Within the 50µm diameter circular structure, the length of the channel width W that 
can be designed is sufficiently large to obtain as large possible measurable ISD current (Figure 
4.4).   
 
L = 2µm, W=229.2µmL= 5µm, W= 136.1µmL= 10µm, W= 81.6µm
 
Figure 4.4: Optical images of the photolithography-defined circular source-drain electrodes for three 
different channel length L and width W. 
 
Since there is a difference in surface energy between the Au surface and the Si oxide surface, 
the ijp-droplet will preferably dewet from the Si oxide and wet the Au. This will cause the single 
ijp-droplet to break up. Therefore the Au lines leading to the source-drain electrodes are kept 
as narrow as possible to prevent the ijp-droplet to dewet from the source-drain and wet the 
lines instead. However, if the Au line is too narrow, it will be insufficient to carry enough 
measureable ISD current that might be near the measurement limit of the Keithley 4200 
Semiconductor Characterization instrument (~10pA). Therefore an optimum balance must be 
found. 
 
To determined whether the narrow Au line will pose a large voltage burden on the device, we 
assumed that the highest mobility to be measured to be 10cm2V-1s-1 in a channel length of 
2µm and channel width of 200µm. This gives an expected ISD of ~30.6mA. If the total 
resistance of the Au line is 61.2Ω (50nm thick Au), hence voltage burden of the line will be 
1.87V, which is small, compared to the tens of volts applied for a typical organic FET device.  
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The source-drain electrodes must be designed to enable the printer to accurately deposit the 
inkjet droplet directly over them. In addition, there should be enough devices on the mask to 
accommodate a variety of channel lengths to yield sufficient data on µFET. To maximize the 
number of devices, 12 devices are designed on the mask with three devices for each channel 
lengths (L= 2, 5, 10µm) in a single row to enable the printer to efficiently jet onto the electrodes 
in a single pass.  The source-drain contact pads of the devices are placed on the edges along 
a row of the substrate to enable easy access using the needles of the probes stations. There 
are also letters and numbers to easily indicate each device. For example, device “2A” will 
signify device A of a 2µm channel length device while a device “5B” will indicate device B of 
5µm channel length. The entire mask pattern from AutoCADTM software can be seen in figure 
4.5 while the optical image of the actual lithographically electrodes pattern with Au evaporation 
is shown in figure 4.6. Figure 4.7 shows the optical images of the source-drain electrode before 





Figure 4.5: Overall mask design pattern for the single ijp-droplet FET electrode.  
 
 
Figure 4.6: Optical images for a series of 2µm channel length source-drain electrodes and the contact 
pads are seen at the edges. Notice that the Au line gets increasing narrower leading to the source-drain 












Figure 4.7: Optical images of the source-drain electrode after depositing single ijp-droplet of  rrP3HT 





FETs were fabricated on 200-nm-SiO2/ p++-Si substrates with lithography-defined 2-, 5-, 10- 
and 20-μm channel-length inter-digitated Au source-drain arrays. Prior to deposition of rrP3HT 
by various deposition methods, the SiO2 was cleaned with oxygen plasma (200W, 10 min). 
Figure 4.8 shows the diagnostic FET substrate after ijp deposition of the rrP3HT film onto the 
source-drain electrode. Current–voltage characteristics were measured by a semiconductor 
characterization system (Keithley 4200) and µFET was extracted in the linear regime and 
averaged over 4 devices. Single ijp-droplet FET device was made on the same substrate by 
lithography. Fuji Dimatix printer (DMP 2831) was utilized in a single nozzle mode to deposit the 
10pL ijp-droplets onto the circular pattern. All devices go through a post deposition anneal of 
120°C for 15min to remove solvent.  
S D
 
Figure 4.8: A FET substrate with six devices on it. It is build on diagnostic photolithography defined 
source-drain and inkjet printed rrP3HT active layer.   
 
UV-vis-NIR absorption spectroscopy 
Absorption spectra were obtained using a diode-array UV-vis spectrograph (DW1024, Ocean 
Optics). An array of closely-spaced but individual rrP3HT single droplets was inkjet printed 
within a 1cm2 square pattern on an oxygen plasma cleaned (200W, 10 min) thin glass coverslip. 
88 
 
Since the drop spacing was set at 70µm (ijp-droplet diameter is 50µm) therefore there are ca. 
142 ×142 droplets.   
 
 
4.4 Results and discussions 
4.4.1 Field-effect transistors measurements 
The hole field-effect mobility µFET at the bottom interfaces of these films was measured using 
O2-plasma-treated 200-nm-thick SiO2/Si substrates as diagnostic bottom-gate, bottom source-
drain substrates. For rrP3HT, it have observed that annealing aged chlorobenzene solutions 
briefly to 80ºC before sc can routinely give µFET up to 0.1 cm2 V−1 s−1, but freshly-prepared 
solutions and aged solutions with pre-aggregation history completely erased by annealing at 
120ºC (in the glovebox) gives µFET almost one order of magnitude lower.  Nevertheless for 
consistency, the solution history has been completely erased in this work before film 
deposition. Figure 4.9 show the rrP3HT FETs output and transfer device characteristics for the 
range of deposition methods investigated here. The rrP3HT FET device from sc films gave 
µFET ≈ 0.02 cm2 V-1 s–1 and dc slightly lower (0.005 cm2 V-1 s–1) but the ijp films give ≈ 0.0005 
cm2 V-1 s–1   (See Table 2). Literature reports suggest that inkjet-printed polymer FETs tend to 
have considerably poorer performance than spin-cast ones.  For example, the µFET of ijp films 
of rrP3HT and other thiophene-based films were found in the 10–4 cm2 V–1 s–1 regime, which is 
1–2 orders of magnitude lower than from spin-casting.5,6 From the conclusion of extreme high 
crystallinity of ijp films found in chapter 2 (VASE) and chapter 3 (SEM and NEXAFS), it suggest 
that the lower mobility in ijp film is due to carrier trapping at the domain boundaries in these 
more crystalline ijp films.7 This also agrees with the more granular texture at the bottom 
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Figure 4.9: Transfer and output FET device characteristic for different rrP3HT film.  All the devices are 











Table 2: Comparison table on I0-0/ I0-1 ratio vs field-effect mobility of rrP3HT FET from different film  
Film I0-0/ I0-1 Mobility µFET  (cm2V-1s-1) 
Spin-cast film  0.57 2.2x10-2 
Drop-cast film  0.64 4.7x10-3 
IJP-droplet (A)  0.75 5.4x10-3 
IJP-film  0.84 4.7x10-4 
IJP-droplet  0.87 9.7x10-4 
 
Significantly, this low µFET persists even in a single ijp-droplet FET device that therefore does 
not appear to depend on specific details of the printing which might affect the ijp film (see Table 
2). Figure 4.12 shows the device characteristic in single ijp-droplet FET fabricated on 50-µm 
diameter circular source-drain electrode. The inset optical image shows the lithography-defined 
single ijp-droplet source-drain electrode before and after depositing the single ijp-droplet. This 
lowered µFET even in a single ijp-droplet suggest that this is intrinsic to the ijp deposition 
method.  
 
4.4.2 On the origins of the “ijp morphology” 
When an ijp-droplet is produced and finally lands on the substrate, it undergoes several 
processes that have been described in the introduction chapter (see chapter 1). The droplet is 
first expelled out from the nozzle by a pressure pulse that is applied by the piezoceramic 
membrane. Once the droplet leaves the nozzle, it will fall vertically through a height of 0.5 −1 
mm before it reaches the substrate. During the course of this process, there are several 
possibilities that might produce the high crystallinity in the morphology of the ijp as compared to 




Solution Shear in the Inkjet printer head 
We can also rule out any significant pre-ordering by solution shear in the ijp head or on the 
spinner during the primary drying stage.  We have measured the absorption spectrum of a 10-
µm-thick rrP3HT solution layer (25 mg mL–1) sheared between two counter-rotating parallel 
glass plates up to a strain rate (
dz
dv
=γ ) of 2x104 s–1, which is larger than that encountered at 
the edge of a 2-in wafer for sc at 3000 rpm (≈1x104 s–1) or in the print head chamber (≈6x103 




= ,8-12 where ρ is the solution density (≈ 1.1 1 g cm–3), ω is the angular velocity, r is 
the radius, z is the solution film thickness at the end of the shear thinning (≈ 5 µm), η is the 
viscosity (≈ 1 cP).  There is no significant change in the π→π* absorption spectrum was found 
(< 1%) for the experimental shear times of tens of seconds.   
 
Skin layer formation in a single droplet  
To determine the existence of skin layer formation in a single droplet during the flight time, the 
Peclet number for the ijp droplet during flight is established. The Peclet number is a 
dimensionless number relevant in the study of transport phenomena in fluid flows. The Peclet 




= ,13 where E  is evaporation rate, D is polymer diffusion coefficient, 
L is a characteristic length given by 2ln )( o
o
sodL φ= where 
o
sod ln  is the initial thickness of 
deposited solution and  φ0  is the initial polymer volume fraction.11,14 This was evaluated to be 
10–4–10–2, which is << 1, for all film depositions methods used here (Figure 4.10), which shows 
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that evaporation was not fast enough to cause significant surface polymer chain accumulation 


















quiescent evaporation ho 250 µm





V  10 pL
f    1.6 kHz
vh 7.9 mm s–1











vapor pressure       12 mmHg
density                   1.11 g cm–3
diffusivity in air       0.073 cm2 s–1
self diffusivity         1.8x10–5 cm2 s–1
molecular volume  1.68x10–22 cm3
viscosity                 0.8 cP
ho 24 µm
φo   0.0045 (5 mg mL–1)
hf 1.7 µm





Figure 4.10: Schematic of film deposition methods and deposition parameters used in this work: 
ω, spin speed; ho, initial solution film thickness; hf, final polymer film thickness; φ0, initial polymer volume 
fraction; E , estimated initial solvent evaporation rate; Pe, Peclet number; V, volume of inkjet droplet; f, 
jetting frequency; vh , horizontal droplet velocity; vd, vertical droplet velocity;   ro, droplet radius; θ, static 
solution contact angle. 
 
Significant In-flight drying of the ijp droplets  
We can further rule out any significant in-flight drying of the ijp droplets.   The enhancement of 








, where Fo is the Frössling coefficient (0.276), Re is the 
Reynolds number and Sc is the Schmidt number.  This was computed to be only 1.4 for the ijp 
droplets (with Re = 13 and Sc = 0.09, see appendix), which for a droplet radius ro = 13 µm and 
oE  = 8.3 µm s–1, gives an in-flight E = 12 µm s–1.   Thus the evaporative loss over a 100-µs 
flight time to the substrate is less than 0.05 vol%, which is negligible.  In order for evaporation 
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to have any significant effect, the flight distance needs to be 2–3 orders of magnitude longer, 
as indeed observed recently.16 
 
 
Strongly non-uniform drying in a picolitre droplet 
Experiment with single isolated inkjet droplets suggest that this highly-crystalline ijp 
morphology is not unique to the multi-pass inkjet printing studied in the previous sections, but 
occurs also in printed single ijp-droplets.  Figure 4.11 gives the absorption spectrum of an array 
of isolated single-droplet disc films (approximately 40-nm-thick) deposited on glass.  This 
spectrum shows remarkably that these single-droplet ijp films are indeed also highly crystalline.  
The ratio of the 0→0 to the 0→1 vibronic band (I0-0 / I0-1 = 0.86) is similar to that of the multi-
pass ijp film studied by VASE in chapter 2 (I0-0 / I0-1 = 0.84), which is higher than the sc 
(average I0-0 / I0-1   = 0.57) and dc (average I0-0 / I0-1 = 0.63) films (See Table 2).  Therefore the 
ijp morphology appears to be a general characteristic of the drying of picoliter droplets on the 
substrate.  This is not surprising as both single ijp-droplet and ijp film FETs show similar µFET, 
confirming that this does not depend on specific details of the printing. Therefore ijp deposition 
method does induce crystalline morphology which hindered charge transport due to carrier 
trapping at the domain boundaries producing causing a lower µFET in ijp devices as compared 
to sc and dc.   
 
A possible mechanism is the strongly non-uniform drying from the edge of the solution 
perimeter, which promotes nucleation and crystallization. From the work of Deegan, it is found 
that uneven drying of a droplet (i.e. enhanced drying at the edges than at top of a droplet) has 
lead to coffee-stain effect in a single droplet.17 However this is the first time that high 
crystallinity in a single ijp-droplet has been observed. Nevertheless in a multi-pass inkjet 
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printing, the repeated solution-state swelling and deswelling of the polymer film during its 



















Figure 4.11: Absorption spectrum of an array of isolated ijp single-droplet disc films (approximately 40-
nm-thick) deposited on glass before solvent annealing (red curve) and after solvent annealing (blue 
curve).  
 
4.4.3 Solvent Annealing: Reversing the “ijp morphology” effect 
By solvent-vapor annealing (80ºC in saturated chlorobenzene vapor, 10 min), the µFET in ijp-
droplet can be restored to those of the dc and sc films (Figure 4.12). There is also a change in 
the absorption spectrum of the array of isolated single-droplet disc films. The strong vibronic 
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features of the 0→0 and 0→1 peaks have disappeared after the solvent annealing (Figure 
4.11). The ratio of the 0→0 to the 0→1 vibronic band after the solvent annealing has indeed 
decreased (I0-0 / I0-1 = 0.75). This is an indication of decreased order and crystallinity in the 
single droplets after solvent annealing.    
 
During solvent vapor annealing at elevated temperatures, the chlorobenzene molecules (a 
good solvent) swell the polymer matrix but do not dissolve it.  During deswelling at the end of 
the solvent vapor annealing phase, the polymer matrix may thus be reorganized to a state 
different from the original one.  The condition under which this occurs is quite different from that 
of the film deposition itself.  Therefore it is possible for the more equilibrated ijp film to anneal to 
a less crystalline state.  There is evidence of considerable morphology changes from AFM 




























































































Figure 4.12: Single rrP3HT ijp-droplet FET characteristic for a 10-µm channel length device before and 
after solvent vapour annealing. Insert image shows the circular single ijp-droplet source-drain electrode 
before (left) and after depositing a single rrP3HT ijp-droplet (right). 
 
Figure 4.13 shows the AFM image of the bottom interfaces of sc and dc rrP3HT films before and 
after solvent annealing. The Rrms values of the sc film increases from 0.4 nm to 0.5 nm, while 
that of the dc film increases from 1.0 nm to 1.5 nm.  There is also a coarsening of the nodules 
present at the bottom interface of the films. Similar results were found for the top surfaces.  
These results suggest a reorganization of the polymer chains after solvent annealing which 
may alter the hopping energy landscape.  In particular for the highly crystalline ijp film, this 







(a) sc, bot, before solvent anneal (b) sc, bot, after solvent anneal
5nm









Figure 4.13: Tapping-mode AFM topography micrographs of bottom interfaces of (a) sc and (c) dc 














FET measurements from rrP3HT film show a variation of two orders of magnitude in µFET 
between ijp and sc film. This could result from a high crystallinity of the film which has been 
observed in VASE and SEM measurements in chapter 2 and 3 respectively. The lower mobility 
in ijp film is due to carrier trapping at the domain boundaries7 in these more crystalline ijp films.  
This also agrees with the more granular texture at the bottom semiconductor/ dielectric 
interface which is more severe for ijp film than in dc and sc films. Significantly, even in a single 
ijp-droplet, the µFET is lowered by half an order than sc. Absorption spectrum of an array of 
single ijp-droplets again indicate higher crystallinity which could explain the poorer µFET. A 
possible mechanism is the strongly non-uniform drying from the edge of the solution perimeter, 
which promotes nucleation and crystallization. Nevertheless in a multi-pass inkjet printing, the 
repeated solution-state swelling and deswelling of the polymer film during its deposition may 
further result in further crystallization and growth of the large domains observed here. By 
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Chapter 5 Conclusion and Outlook 
The processing methods have a major influence on the morphology and molecular (order and 
interchain packing) of organic semiconductor films. The changes in morphology and molecular 
in turn can affect organic opto(electronic) device performances. Hence, the motivation of this 
thesis here is to study and understand the key differences that of the polymer films produced 
by different deposition methods (ijp, dc, sc).     
 
In this thesis, several aspects of both these issues are addressed, by first developing an optical 
model to extract from variable-angle spectroscopic ellipsometry (VASE) differences in the 
dielectric (n,k) spectra between the top and bottom interfaces of the same film; and then using 
this together with complementary techniques, such as cross-section scanning electron 
microscopy (SEM), atomic-force microscopy (AFM), near-edge X-ray absorption fine structure 
spectroscopy (NEXAFS), and field-effect transistor (FET) characterisation, to systematically 
study the differences and similarities between the top and bottom interfaces of rrP3HT films 
prepared by sc, dc and ijp.  The results reveal (i) a marked difference in the degree of 
interchain order between the top and bottom interfaces in sc films, which may explain the 
differences in mobility sometimes found between these two interfaces, and (ii) unique features 
of ijp films – unusually high crystallinity and low anisotropy – which was labelled here the “ijp 
morphology” which explains why ijp films exhibit much lower charge carrier field-effect mobility 
(µFET) than sc and dc films.  
 
There is higher crystalline even in single ijp droplet. The higher crystallinity can be correlated to 
the FET mobility. We suggest that lower FET mobility in ijp is due to carrier trapping at domain 
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boundaries in more crystalline film. We found that solvent annealing helps to recover the FET 
mobility.  
 
The inkjet printing of organic semiconductor will poise to be an important step in the 
manufacturing of niche electronic devices. The scientific insights discovered in this pioneering 
work will allows deeper understanding into possible directions to optimize and improve optical 
and electronics properties of organic devices. For organic field-effect transistors, this will have 
immediate implications for improving the field-effect mobility. Results from this work also 
suggest that careful management of the print pattern, evaporation condition and substrate 
temperature would be important in the printing of quality polymer organic semiconductor films. 
For the printer manufacturers, this insight might provide direction into redesigning the next 
generation materials printer. One possibility is to allow in-situ solvent annealing of the printer 
chamber during printing to enhance device performance.  From a scientific view point, the 
interplay between inkjet printing parameters (ie. substrate temperature, solvent mixture, air 
flow) and the morphology of ijp single droplet/film is still not fully understood. This will have 









Appendix: Strain and evaporation rate calculations  
A. Calculation of strain rate in spin-casting 
 





where ρ is the solution density (≈ 1.1 g cm –3), ω is the angular velocity (At 3000 rpm, ω= 314 
s-1), r is the radius (for 2 inch wafer, r= 2.54 cm), z is the solution film thickness at the end of 
the shear thinning (≈ 5 µm), η is the viscosity (≈ 1 cP). The strain is given as 1.25× 104 s–1   
 
B. Calculation of strain rate in inkjet printing 
To determine the strain rate in an inkjet printing, we first determine the flow rate (δv/δt) for a 




























where ∆P/∆x is the change in pressure with distance, R is inner radius of the tube, r is the 
























The velocity of a liquid moving through a tube as a function of radial distance from the centre of 


















































Since Poiseuille equation is only used for circular tube, there is a requirement to use hydraulic 
diameter to establish the appropriate R. 
U
AR 4=  
where A is the area and U is the wetted parameter.   















For our printer that was used, A = 0.01 mm2, U = 80 mm, the strain rate is 6×103s-1. 
 
C. Calculation of in-flight evaporation enhancement in inkjet printed droplets  
The enhancement of the in-flight evaporation rate ( E ) relative to the static rate ( oE ) is given 














Reynolds number Re is given as  
µ
ρ DVR se =  
where ρ is the density of air (1.2kgm-3) , Vs is the fluid velocity (in this case the velocity of inkjet 
droplet)(8ms-1), D is the diameter of an inkjet droplet (26µm), µ is the viscosity of air (1.8e-5 
kgm-1s-1). 
 





where µ is viscosity of air (1.8e-5 kgm-1s-1), ρ is density of air (1.2kgm-3), D is the diffusion 
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